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ABSTRACT

Amongst the different types of earthquakes, it is observed that the mega-thrust
earthquakes, which occur in subduction zones, are the most devastating. The aftershock
sequences following the mega-thrust earthquakes can also increase the level of seismic
hazard, even in remote areas away from the mainshock fault zone. This thesis examines
the statistical parameters of aftershock sequences of large subduction zone earthquakes
that have occurred in the western and eastern Pacific Ocean. These parameters are vital
for seismic hazard assessment of regions located near subduction zones. The results show
that, on average, the Gutenberg-Richter exponent—the b-value—is markedly higher in
the western Pacific regions compared to the eastern Pacific regions. It is also observed
that, on average, the exponent of the modified Omori law—the p-value—in the eastern
Pacific regions is higher than in the western Pacific regions. Additionally, it was found
that there is no significant change in b-values with an increase in magnitude. A positive
correlation was found, however, between p-values and magnitude. It is proposed that the
spatial heterogeneity of materials on the fault zone has an effect on the variation of the
values of these statistical parameters.

Key words: subduction zone, mega-thrust earthquake, aftershock sequence,
Gutenberg-Richter law, Bath’s law, Modified Omori law.
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Chapter1
INTRODUCTION

2

1.1 Motivation
One type of natural disaster that can have great devastating effects on society is the
earthquake. Strong earthquakes can cause extensive damage to infrastructure and can
have negative consequences on many aspects of human lives. It is thus important to study
different aspects of earthquakes that we may minimize and mitigate their damaging
effects.
The largest earthquakes that have occurred in the past, and have caused the most
widespread damage were located at subduction zones. The most recent major subduction
zone earthquake occurred off the east coast of Honshu, Japan, on 11th March 2011. This
earthquake inflicted enormous damage on the area, killing at least 15,550 people,
destroying or damaging over 330,000 buildings and other structures, and leading to an
estimated loss of $309USD billion (United States Geological Survey). In addition to the
occurrence of such strong subduction earthquakes, other types of seismic activity, such as
aftershocks and volcanic eruptions, can be triggered by these earthquakes. Thus, the
investigation and understanding of seismic activities located in and around subduction
zones is necessary and has important consequences for numerous spheres of human
activity.

1.2 Challenges and research direction
One of the challenges of research in the area of subduction zone earthquakes is
assessing the seismic hazard generated by subduction zone earthquakes and their
aftershocks. This dissertation investigates the parameters of several empirical statistical
laws to model the occurrence of aftershock sequences. To this end, the aftershock
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sequences of large subduction zone earthquakes with magnitudes greater than 6.2 during
the period of 1973-2011 have been analyzed. Additionally, the shallow subduction zone
earthquakes with magnitudes greater than 6.0 that occurred around New Zealand have
been analyzed. Particularly, the frequency-magnitude statistics, temporal decay rates,
and the relationship between the magnitudes of the mainshocks and their largest
aftershocks were analyzed. As large aftershocks that are triggered following a mainshock
can cause additional damage, it is essential to analyze the aftershock sequences located in
subduction zones.

1.3 Structure of this dissertation
The rest of this dissertation is divided into four main parts: 1) Background and
Terminology, 2) Methodology, 3) Results, and 4) Discussion and Conclusion. The first
section provides a general introduction to the subject and background information about
some necessary concepts such as the geometry of subduction zones and the possible types
of earthquakes that occur in this zone, characterization and classification of aftershocks,
and previous research that has been done in this area. The second section discusses the
methods of estimating the parameters of three key empirical laws to model aftershock
sequences. These three laws are: Gutenberg-Richter’s law, Bath’s law, and the modified
Omori’s law. The third section applies the methodology discussed in the second section
to the analysis of aftershock sequences of 93 past subduction zone earthquakes, as well as
15 shallow subduction zone earthquakes that occurred around New Zealand. Finally, the
fourth section discusses about results and draws some conclusions.

4

Chapter 2
BACKGROUND AND TERMINOLOGY

5

2.1 Subduction Zones
A subduction zone is a type of tectonic setting in which a descending oceanic
lithosphere dives beneath one of two types of less dense overriding plates: an oceanic
lithosphere or a continental lithosphere. Subduction zones process and recycle raw
materials such as sediments, seawater, oceanic crust, and the upper-most mantle. After
raw materials are processed within subduction zones they equilibrate with the
surrounding mantle. Of the materials that enter into the subduction zone, only a small
portion are recycled and incorporated into the mantle at the depth of a few hundred
kilometers. The materials that do not get recycled and incorporated descend to the coremantle boundary (Hofmann, 1997; Stern, 2002).
If the overriding plate is an oceanic lithosphere, the subduction process forms a
volcanic island arc. If it is continental a mountain chain, such as the Andes, is formed. As
a continental lithosphere cannot subduct, when two continental plates collide, the
operation of a subduction zone is ceased. In other words, no subduction occurs. Instead,
crustal thickening and mountain building, such as is the case with the Himalayas, can
occur as a result of the collision of two continental plates (O’Brien, 2001; Stern, 2002;
Stein and Wysession, 2003). When an oceanic lithosphere descends it may either cease at
the base of the transition zone, approximately at 670 km depth, or may continue to
penetrate into the lower mantle and reach the core-mantle boundary, at the depth of about
2900 km. Research indicates that there is no relationship between the age of the
subducting lithosphere and the depth of penetration of the subducting slab into the lower
mantle (Stern, 2002).
The subduction zones can be characterized in terms of their geometry. There are
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three components that define the dimension of a subduction zone: 1) the line of volcanoes
formed parallel to the trench, 2) the deepest earthquakes that can occur in the subducting
slab (up to 670 km discontinuity), and 3) the depth of a trench at the subduction zone
(White et al., 1970; Stern et al., 2002). Old oceanic lithospheres are characterized by a
steep dipping slab, whereas a shallow dip is associated with young subducting plates
(Jarrard, 1986). The strong negative buoyancy force (slab pull force) within an old
subducting slab results in a weak coupling between the overriding and descending plates
(Stern et al., 2002). Consequently, these zones are associated with the occurrence of low
to moderate magnitude earthquakes. However, the subduction of a young oceanic plate
causes strong coupling between the downgoing and overriding plates. These zones are
associated with the occurrence of large magnitude earthquakes (Kincaid and Sacks,
1997). Figure 2.1 presents the correlation between the convergence rate, age of
subducting lithosphere, and the recorded maximum magnitude earthquake. As is evident,
in general, the young subducting lithospheres are associated with fast subdction rates and
generate higher maximum magnitude earthquakes, while slow subduction rates are the
characteristics of the old subducting plates (Ruff and Kanamori, 1980; Bevis et al., 1995;
Stern, 2002).
The behavior of a subduction zone depends on the age of the oceanic lithosphere.
In general, subduction zones are subdivided into seven categories that are based on a
continuum of back-arc strain state (Jarrard, 1986; Stern, 2002).The two ends of the
continuum—categories 1 and 7—show highly extensional behavior and highly
compressional behavior, respectively. That is, in Mariana type subduction zones
(category 1) the arc is under extension, whereas in Chilean type subduction zones

7
(category 7) the arc is under compression. In category 1 subduction zones, the old, cold,
and much denser oceanic lithospheres (mainly located at the western Pacific) correspond
to back-arc extension and oceanic floor spreading. In category 7 subduction zones, the
back-arc compression and folding are the results of activity of the young, thin, and
relatively warm lithospheres (Jarrad, 1986).

Figure 2.1.Variation in the seismic moment magnitude of the strongest
detected subduction mega-thrust earthquakes with respect to the age of
subducted oceanic plate and the convergence rate (modified after Ruff and
Kanamori [1980], added rate for Pacific-Tonga [Bevis et al., 1995]).
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2.1.1 Thermal models of subduction
As the downgoing oceanic slab is colder and denser than the surrounding mantle,
subduction occurs. The movement of material due to the subducting slab is faster than the
conduction of the heat of mantle. Consequently, the materials consisting of the slab are
stronger than the surrounding mantle and they are able to transfer the seismic waves
faster (Stein and Wysession, 2003).
The thermal parameter of a subducting slab φ depends on the rate of subduction ʋ,
age of the subducting slab t, the slab dip δ, and is defined as follows (Stein and
Wysession, 2003):
φ = t. ʋ sin δ

(2.1)

As is shown in Formula 2.1 and Figure 2.2, deep earthquakes occur in the
subducting slabs with high thermal parameters. That is, higher thermal parameters are
characteristic of the older and colder subduction zones. Earthquakes that occur deeper
than 300 km are present in slabs with a thermal parameter about 5000 km or larger (Stein
and Wysession, 2003).
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Figure 2.2. Variation of maximum earthquake depths for different subduction zones with
respect to the thermal parameters and the age of descending plates (After Kirby et al.,
1996b. Rev. Geophys., 34, 261-306).

The surrounding mantle causes the cold subducting slab to reheat mostly by
conduction. Comparing the thermal structure of a relatively younger, slower, and hotter
subducting slab (Aleutian arc) with the older, faster, and colder one (Tonga arc) reveals
that the slabs with lower thermal parameters warm up more rapidly (see Figure 2.3). As
shown in Figure 2.3, at equal depths, the older slab is mechanically stronger than the
younger one. This is consistent with the fact that deep earthquakes do not occur in the
Aleutian region, whereas they take place in the Tonga arc (Stern, 2002; Stein and
Wysession, 2003).
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Figure 2.3. Comparison of thermal structure between a relatively younger, slower
subducting slab (50 Myr- old with subducting rate of 70 mm/yr and thermal parameter
nearly 2500 km), which can be compared to the Aleutian arc, and a relatively older and
faster subducting slab (140 Myr- old with subducting rate at 140 mm/yr and thermal
parameter approximately 17000 km), which can be compared to the Tonga arc (Stein and
Stein, 1996).

2.1.2 Earthquakes in subduction zones and Wadati-Benioff zones
Earthquake depths in subduction zones can be categorized as: shallow (crustal)
focus, intermediate focus, and deep focus, occurring at depths of less than 70 km, 70 –
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300 km, and more than 300 km, respectively (Lee et al., 2002). The average number of
earthquakes decreases from depths of approximately 50-300 km, it is nearly constant at
300-500 km, and increases again, reaching a peak at approximately 600 km, and finally
decreases to a minimum prior to terminating at approximately 670 km. Figure 2.4 depicts
the typical depth scattering of seismicity that may occur in a subduction zone. It should
be noted that not all types of events shown in Figure 2.4 necessarily occur in the locations
that they are depicted. Additionally, not all possible events are depicted in Figure 2.4.
The occurrence of intermediate and deep events, however, is infrequent in comparison to
the crustal earthquakes. The crustal events correspond to the interaction between two
plates and the largest ones are known as mega-thrust earthquakes. The shallow
earthquakes are also present within both the subducting and overriding plates (Stern,
2002; Lee et al., 2002; Stein and Wysession, 2003).

Figure 2.4. Schematic of some type of earthquakes can be observed at subduction zones.
Not all earthquakes occur at all subduction zones (Stein and Wysession, 2003).
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In several subduction zones, mostly in the western Pacific, earthquakes occur
within two parallel distinct planes along the subducting plate, termed the Wadati-Benioff
zone (Stern, 2002). Intermediate and deep focus earthquakes, due to internal activity of
the subducting plate (intraplate activity), are responsible for forming the Wadati-Benioff
zone, which can extend to a depth of up to approximately 670 km. The nearly 670 km
depth, is recognized as the maximum depth that an earthquake can occur (Stern, 2002;
Stein and Wysession, 2003).
Some bending earthquakes (see Figure 2.4) are located in the beam (i.e., slab) of
the subducting lithosphere. One type of bending earthquake is a normal fault earthquake.
Some investigations in light of focal mechanism studies revealed that the normal faulting
earthquakes are located within the beam, at a depth of zero to 25 km, whereas the lower
part of the beam, from 40 km and deeper, is characterized by occurring of compressinal
faulting events. These two types of focal mechanisms are divided by a neutral surface
region with zero bending stresses (Stein and Wysession, 2003).
Earthquakes at depths of 70 km to 300 km that occur within the subducting slabs
are dominated by downdip extension, whereas the focal mechanisms for the majority of
epicenters lower than 300 km are dominated by downdip compression. This can be
explained by the relative size of the negative buoyancy (slab pull) 1 force and a barrier
force caused by lower mantle materials. To clarify this phenomenon, consider a column
held under its own weight. If the column is only supported at the top, the column will be
under tension. If the column is only supported at the bottom, the column then will be
under compression. In the case where the column is supported at both ends, the upper

1

See section 2.1.4
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half of its length is under tension and the rest of its length is under compression (Lay and
Wallace, 1995; Stein and Wysession, 2003).
In some cases, the subducting direction is oblique towards the convergence
boundary, the occurrence of earthquakes in such settings causes slip partitioning. In these
cases, the strike-slip events are the consequence of the oblique motion of the forearc
sliver with respect to the overriding plate (Stein and Wysession, 2003).

2.1.3 Transition zone and deep earthquakes
The transition zone exists within the upper mantle from approximately 410 to 660
km. The upper mantle and subducted slab composition is dominated by the mineral
olivine (a magnesium iron silicate). However, discontinuities in the Earth’s upper mantle
are associated with mineral phase changes within the transition zone at depths of nearly
410 km, 520 km, and 660 km. At equilibrium, the olivine-wadsleyite (β spinel) phase
transition occurs at the start of the transition zone, approximately 410 km depth. The
change in wadsleyite structure to ringwoodite (γ spinel) then takes place deeper into the
transition zone, at about 520 km. Toward the end of the transition zone, at a depth of
nearly 660 km, ringwoodite transitions into two elements; magnesiowustite and
perovskite (Helffrich and Wood, 2001; Stern, 2002).
During subduction, as the subducted plate descends, the areas surrounding the
transition of olivine into wadsleyite and ringwoodite into perovskite and magnesiowustite
are accompanied by a considerable increase in the density of the slab. The area of
transition from wadsleyite into ringwoodite, however, yields a small increase in the
density of slab. The extension of the subducted oceanic lithosphere deeper into the upper
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mantle implies phase changes, from shallower than 410 km up to deeper than 660 km
(Irifune, 1993; Stern, 2002). Phase changes occurring beyond the boundary of the
transition zone within the slab can be explained by a variation of temperature-pressure
known as the Clapeyron slope (dP / dT). This slope is positive for the transition of
olivine-wadsleyite within the subducted slab and leads to the phase change at shallower
depths. In contrast, the Clapeyron slope that corresponds to the transition of ringwoodite
into perovskite and magnesiowustite within the slab is negative. As a result, the
aforementioned conversion takes place at depths greater than 660 km (Irifune, 1993;
Stern, 2002). The relative density of the downgoing plate is increased at the first
transition zone (olivine to β spinel). However, the relative density of the slab is decreased
at depths greater than 660 km within the mantle. As a result, the shallower discontinuity
(less than 410 km depth) within the slab facilitates the subduction process and causes an
increase in negative buoyancy (slab pull force), whereas the deeper phase change within
the slab hinders the slab from descending (Davies, 1995; Stern, 2002; Stein and
Wysession, 2003).
The changes of density and volume within the slab in the transition zone are
consistent with the occurrence of deep earthquakes, starting at nearly 325 km depth (the
estimated depth in which the first discontinuity, olivine to β spinel, occurs within the
slab) and stopping at approximately 700 km depth (the depth in which change of
ringwoodite into magnesiowustite and perovskite takes place within the slab). Therefore,
the occurrence of deep earthquakes is associated with the transition zone within the
subducting slab (Kostoglodov, 1989; Kirby et al., 1996; Stern, 2002). However, recent
theoretical and experimental studies revealed that because the subduction rate is faster
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than the phase transformation, heat conducted through the ambient mantle only warms
the surrounding slab up (Sung and Burns, 1976a,b; Kirby, 1996). While the slab is
descending around the transition zone, its interior is heated, therefore creating a thin
shear zone. This zone is a result of the transformation of metastable olivine into denser
spinel and is responsible for deep and intermediate focus earthquakes. The metastable
olivine is also responsible for opposing subduction as it produces positive buoyancy
(Rubie and Ross, 1994; Kirby, 1996; Stern, 2002; Stein and Wysession, 2003).

2.1.4 Slab pull
Slab pull force is the negative buoyancy of the descending oceanic plate. This
force is recognized as a significant driving force that causes plate motion (Forsyth and
Uyeda, 1975; Solomon et al., 1975; Richter, 1977; Chapple and Tullis, 1977; Carlson,
1981, 1983). This force, in fact, facilitates the subduction process after the subducted
lithosphere enters into the uppermost mantle (Hager et al.. 1983; Garfunkel et al., 1986;
Spence, 1987). Prior to the occurrence of a giant subduction earthquake, the downgoing
oceanic plate slowly descends and this results in accumulation of extensional stresses at
depths ranging from 50 to 200 km, with the largest stresses at shallow depths. As the
majority of the stresses are decreased due to resisting forces acting on the subducting
plate, these stresses are partially transmitted (5 – 10% of the slab pull force) updip at and
close to the locked interface thrust regions (Shimazaki, 1974; Davies,1980; Reyners and
Coles, 1982, and Spence, 1986, 1987). Such resistivity of the downgoing slab can be
explained by: the forces that are provided by the surrounding viscous mantle; the forces
due to the corner flow; the moment causing internal deformation of the slab bend; the
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forces that result in the development of the trench and outer-rise; and the forces at the
locked interface thrust zone. These forces prevent bending of the slab and prevent the
consequent vertical fall of the slab. Eventually, slab pull and ridge push forces exceed the
resisting forces at the interface thrust zone and a massive mega-thrust earthquake occurs
(Ruff and Kanamori, 1980; Yokokura, 1980; Carlson and Melia, 1984; Spence, 1987).
Following a mega-thrust earthquake, due to the excess of the greater slab pull
force and weaker ridge push force, the subducting plate is under tension and extension
occurs seaward within the downgoing plate. This could cause normal-faulting
earthquakes in the vicinity of the trench (Spence, 1987).

2.1.5 Outer-Rise Earthquakes
Outer-rise earthquakes occur within the subducting oceanic plate close to the
seaward portion of the trench that is formed between the subducting and overriding
plates. Due to the variation in interplate coupling, the outer-rise events can express the
stress state of the interface thrust zone. Outer-rise earthquakes can easily be distinguished
from earthquakes that occur elsewhere in the subduction zone, as they are located in the
beam of the oceanic plate. Events that are located in the overriding plate can usually be
distinguished from earthquakes that occur in the subducting side of the trench using the
focal mechanisms, although this might not always be the case. In general, the subducting
side of events can be subdivided into two categories: tensional and compressional. These
are discussed below (Christensen and Ruff, 1983, 1988).
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2.1.6 Tensional Outer-Rise Earthquakes
Studies indicate that the occurrence of tensional outer-rise events is a
characteristic of the major subduction zones. These events occur in the weakly coupled
subduction zones, such as in the Marianas, Java, and Sumatra trenches, having maximum
magnitude of earthquakes 8.0 or less. However, those earthquakes are not necessarily
related to the interplate activity and can be explained as a response to the slab pull force,
due to the extension of the subducting oceanic plate. The tensional outer-rise earthquakes
can also be located in the strong coupling subduction zones, such as in the South
American, Aleutian, and Kurilian trenches, all of the earthquakes are approximately
generated during a mega-thrust earthquake and afterward. The maximum magnitude of
earthquakes in these regions can be 8.5 or more. The subduction zones with the
occurrence of the outer-rise earthquakes with magnitudes between 7.9 and 8.5 can be
both the strongly and weakly coupled. In these zones, the tensional outer-rise events often
follow a giant interplate thrust earthquake. However, not all of those tensional events
result of mega-thrust earthquakes (Christensen and Ruff, 1983, 1988).

2.1.7 Compressional Outer-Rise Earthquakes
The occurrence and spatial variation of compressional outer-rise earthquakes is
much less frequent than the tensional outer-rise events. These events are characteristic of
the zones that have maximum magnitude earthquakes of 7.9 or greater (intermediate and
strong coupled subduction zones). Some of the compressional outer-rise events occur in
the vicinity of the locked segment of the subduction zone, reflecting the accumulation of
compressional stress oceanward of the interplate zone activity, following a massive
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underthrusting earthquake. The remaining compressional outer-rise earthquakes can be
related to either a seismic gap, having high potential for indicating a giant earthquake in
the future, or an unknown seismic potential (Christensen and Ruff, 1983, 1988).
It is worth pointing out that the stress-state of the outer-rise zone is undergoing
continuous change with time. That is, the cycle of occurrence of a large mega-thrust
earthquake followed by the outer-rise regime, changing into the compressional outer-rise
regime, can be completed by indicating the next giant mega-thrust earthquake
(Christensen and Ruff, 1983, 1988).

2.2 Empirical laws for aftershock sequences
There are three key laws that can be applied to the aftershock sequences following
the mainshocks in order to estimate the parameters that have implications to the
seismicity of different tectonic settings. A brief explanation of those laws will be
described here, and chapter 3 will explain them in detail.

2.2.1 Gutenberg-Richter law2
The frequency-magnitude distribution of the aftershocks following a mainshock
can be modeled by the Gutenberg-Richter relationship as follows:
log 10 ( N  m)  a  bm

(2.2)

where N ( ≥ m) is the cumulative number of aftershocks having magnitude equal to or
greater than m, and a and b are constants (Gutenberg and Richter, 1954; Utsu, 1965;
Shcherbakov et al., 2005; Turcotte et al., 2007).

2

See chapter 3.2.1 for more details on Gutenberg-Richter’s Law
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2.2.2 Bath law3
The difference in magnitude between a mainshock and its largest recorded
aftershock is known as Bath’s law (Bath, 1965):
Δm = mms – mas

(2.3)

where mms is the magnitude of the mainshock and mas is the magnitude of its largest
detected aftershock. Statistically, Δm is nearly constant (Δm ~ 1.2) and independent of
how strong the mainshock is. It should be noted that the Bath’s law is a statistical law and
is valid when one averages over many aftershock sequences.

2.2.3 Omori law4
The decay of aftershock rates with time can be explained by the modified Omori
law (Utsu, 1961) as follows:
r (t, ≥ mc ;  ) =

k
,
(t  c ) p

  (k , c, p )

(2.4)

where r(t) is the number of triggered aftershocks with magnitudes equal to or greater than
mc per unit time, at time t after the mainshock, where k, c, and p are parameters. The pvalue is of interest as it has implications for the seismicity of different tectonic settings.
Those implications will be explained in Section 3.2.3.

3
4

See chapter 3.2.2 for more details on Bath’s Law
See chapter 3.2.3 for more details on the modified Omori’s Law
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2.3 Aftershock Sequences
2.3.1 Classification of aftershocks
An aftershock is an earthquake that follows an earthquake with larger magnitude
and occurs in the vicinity of that large earthquake. Aftershocks are triggered by the
occurrence of a larger earthquake (mainshock) that precedes them. Depending on the
mainshock characteristics and the tectonic settings of a region, three types of aftershocks
could be triggered following a mainshock. Class 1 aftershocks are triggered on the fault
surface itself, on which the hypocenter of the mainshock is nucleated and the rupture
propagated. Typically, aftershocks which are triggered within 24 to 48 hours following
the mainshock are in this category. That is, the mainshock rupture area is associated with
class 1 aftershocks and can be defined in light of their distribution. Analysis by Mendoza
and Hartzell (1988) confirmed that, in most cases, few aftershocks were located on the
rupture surface of the mainshock that experienced a large slip. They proposed that “the
aftershocks tend to cluster near the edges of areas of maximum co-seismic displacement”.
To verify this statement, Dreger et al. (1994) studied the Northridge earthquake (Mw 6.7)
that occurred on 17 January 1994 and the following aftershocks. Waveform analysis
indicated that the segments with maximum slip experienced only a small number of
aftershocks soon after the mainshock. Hauksson et el. (1994) concluded that “all of the
aftershocks since January 18 have occurred within the zone as defined during the first 24
hours of activity.”

A study on the aftershock clusters following the Andreanof

mainshock (Mw 8.0) that occurred on 7 May 1986 stated that the clusters occurred in
locations which have already experienced the background seismicity during the time
interval of 22 years prior to the mainshock (Engdahl et al., 1989).

21
Class 2 aftershocks are located on the main fault, but outside of the ruptured
segment caused by the initial displacement due to the mainshock. They signify the spread
of the original aftershock zone (Kisslinger, 1996). In some cases the mainshock triggers
aftershocks at large distances, on other faults, away from the fault that caused the
mainshock. Typically these aftershocks are known as class 3 aftershocks (Kisslinger,
1996).

2.3.2 Correlation between the depth of a mainshock and the number of aftershocks
In most cases the aftershocks are known to be the result of a shallow crustal
earthquake. On some occasions, as reported by global earthquake catalogs, a few
aftershocks occur following an earthquake with focal depths below 100 km. Studies
indicate that even a giant earthquake at large hypocentral depths is not as productive as a
shallow earthquake in terms of generating aftershocks (Frohlich, 1987). Teleseismic data
are usually associated with the earthquakes having a magnitude of at least 4.5 or
occasionally 4.0. Local seismic networks, however, record events as small as magnitude
2.0 or lower. Consequently, a seismic network located in the vicinity of a subduction
zone (see Kisslinger, 1993a) may detect small events in the aftershock sequences caused
by an intermediate or a deep earthquake, having properties that can be compared to
aftershocks following the crustal earthquakes (Kisslinger and Hasegawa, 1991). For
example, the Tonga subduction zone earthquake (Mw 7.6) occurred on March 9, 1994
with the focal depth of 564 km located on the downgoing oceanic plate (Wiens et al.,
1994). Of 82 aftershocks that were recorded by local seismic network stations, 40 events
had magnitude equal to or greater than 4.5. The associated decay rate was similar to those
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for shallow events and continued for at least 42 days (Kisslinger, 1996).
2.3.3 Temporal expansion of the aftershock zone
The extent of aftershock zones is different from region to region (Kisslinger,
1996). The process of outlining of aftershock zones is illustrated in Section 3.5.
Dieterich (1994) proposed an explanation of the growing pattern of the
aftershocks away from “the apparent edge of the aftershocks zone” by defining a circular
shear crack as an initial rupture surface. The growth of the aftershock rate is therefore
related to the stress drop, and the stress drop is inversely proportional to the cube of the
distance, starting at the centre of the crack outward of the aforementioned aftershocks
zone. Consequently, initially following a mainshock, only the areas closely located off
the initial aftershock zone are characterized by constant aftershock activity. The area
expansion is associated with the diffusion of the aftershocks and follows the modified
Omori’s law.

2.3.4 Aftershock magnitude range and the maximum magnitude aftershock
By definition aftershocks generated after a mainshock, have magnitudes smaller
than the mainshock. It would be of interest to estimate the number of aftershocks, their
magnitudes, or other features in light of the mainshock magnitude. This would lead to
higher quality hazard assessment (early warning), although the studies on this topic are
still in progress (Kisslinger, 1996; Gerstenberger et al., 2005).
As stated by Bath’s law, the difference in magnitude between a mainshock and its
strongest aftershock is estimated to be nearly 1.2 (to be discussed in detail in chapter 3).
Kisslinger and Jones, (1991) calculated the average difference of the magnitude between

23
a mainshock and its strongest aftershock for over 39 aftershock sequences located in
southern California as 1.05 ± 0.48. The mainshock magnitudes used in their work were
within the range 5 to 7.7. Bath’s law applied for the mainshock magnitudes equal to or
smaller than 5.5 outlined the difference between 0.3 and 0.6. The estimated b-values of
the Gutenberg-Richter relationship (to be discussed in chapter 3) for the aforementioned
aftershock sequences ranged between 0.36 and 1.73, with an average of 1.06 ± 0.26. As a
result, they concluded that there was no relation between the number of aftershocks and
the estimated b-values.

2.3.5 Aftershock areas and the number of aftershocks
Tajima and Kanamori (1985a, 1985b) studied the development of aftershock
zones with respect to the time along various subduction zones. A tectonic setting
associated with a strong coupling of the overriding and subducting plates results in poor
aftershock expansion zones. The Alaskan and Rat Islands are such regimes characterized
by large contact interplates (asperities). Moderate coupling tectonic settings, such as in
Mexico, can also be attributed to low aftershock activity with a limited expanding zone.
Small asperities distributed at widely spaced intervals can be related to large aftershock
expansion zones, such as is the case in northern Japan and New Hebrides. A general
explanation of the above-mentioned disparity is that the eastern Pacific region, including
Alaska and the Aleutian Islands, can be characterized by very little aftershock expansion
with respect to time, whereas the western Pacific region is characterized by a spatially
wider distribution of aftershocks (Tajima and Kanamori, 1985a and 1985b)
Singh and Suarez (1988) have analyzed the aftershocks of 45 earthquakes with
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Mw ≥ 7.0 located along the Pacific Ring of Fire. The major finding was, despite some
exceptions, for the same moment magnitude earthquakes, that the large number of
aftershocks could be attributed to the western Pacific region, and the eastern Pacific
region was associated with a small number of aftershocks. They proposed that the major
factor controlling the productive aftershock regions was the coupling between the
subducting slab and overriding plate, so that strong coupling subduction zones (e.g.,
eastern Pacific, including Alaska) result in poor aftershock sequences, while weak
coupling subduction zones (e.g., western Pacific) result in rich aftershock sequences.
Aftershock deficiency or productivity in the subduction zones is not solely a result
of the aforementioned coupling. For instance, the moment magnitude of two large
mainshocks that occurred in Michoacan of Mexico (1985) and Valparaiso of Chile (1985)
were nearly 8.0, and, additionally, a larger number of aftershocks occurred following the
Chilean event than that of the Michoacan one (Kisslinger, 1988; Singh and Suarez, 1988;
Kisslinger 1996). A higher completeness magnitude was used to analyze the sequences as
the events were detected in the global seismicity catalogs (Singh and Suarez, 1988). In
the case of the Valparaiso event, using a minimum cutoff magnitude mb = 5.0, 77 and 88
aftershocks were triggered in a 220 and 802 day time interval, respectively, following the
mainshock. The modified Omori law was applied to calculate the p-values for the two
aforementioned sequences. The yielded p-values were 1.030 and 1.038 respectively
(Kisslinger, 1988, 1996).
Following the Michoacan earthquake, only five aftershocks with a minimum
cutoff magnitude equal to or greater than 5.0 were recorded. In order to fit the model
derived by Omori’s modified law more events are required, so that by decreasing the

25
completeness magnitude to 4.5, 15 aftershocks were recorded during 95 days since the
mainshock. The higher p-value (1.28) obtained for a 95 day time interval following the
mainshock reflects the fact that the Valparaiso rupture surface was considerably more
heterogeneous than its counterpart at Michoacan. This can also be interpreted by the fact
that the decay rate of aftershocks following the Michoacan event was much higher than
the Valparaiso earthquake (Mikumo and Miyatake, 1979).
In terms of the scattering of the moment release following the aforementioned two
mainshocks, only a small proportion of the released moment, in the form of a few
aftershocks, was distributed along the rupture surface of the Michoacan fault. This is due
to the existence of two separate asperities, which were located on the rupture surface. In
contrast, the extensive range of asperities caused a unique distributing pattern of the
released moments due to the Valparaiso mainshock. This can be attributed to regional
heterogeneity of the fault (Houston and Kanamori, 1986; Kisslinger, 1996).
Another study was undertaken to estimate the productivity of the 27 interplate and
intraplate aftershock sequences that occurred in various tectonic settings located in Japan.
Yamanaka and Shimazaki (1990) used the Japan Meteorological Agency (JMA) catalog
of earthquakes (mb ≥ 4.5) that were triggered during 30 days following the mainshock in
their study. The results indicated that the productivity of the aftershocks has a direct
relation with the seismic moment (M0) released due to the mainshock. For the equal
released seismic moments, the number of aftershocks that were generated by the
interplate mainshock was less than the number of aftershocks following the intraplate
mainshock that occurs in the subducting slab. Additionally, it was found that the number
of triggered aftershocks due to interplate and intraplate mainshocks is in the proportion of
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M02/3 and M01/2, respectively. They suggested that the spatial heterogeneity of the fault
surface in which the mainshocks occurred could be less in the case of interplate tectonic
environment.

2.4 Review of Past Studies of the Statistical Properties of Aftershock
Sequences
Different aspects of aftershock sequences in subduction zones have been analyzed
in the past. Those studies have generally investigated the features of only selected
aftershock sequences in subductions zones at a time and/or within only a small time
period (e.g, Enescu and Ito, 2002; Kisslinger and Hasegawa, 1991), and have not
investigated the similarities among multiple aftershock sequences in subduction zones
over an extended period of time. This dissertation investigates the aftershock sequence of
93 subduction zone earthquakes with magnitudes Mw ≥ 6.2 during the period of 1973 to
2011. Additionally, the aftershock sequences of the shallow subduction zone earthquakes
with magnitude of 6.0 or greater that occurred around New Zealand have been analyzed.
This dissertation, therefore, provides a comprehensive investigation of the statistics of
aftershock sequences in subduction zones from a broad perspective than has been done in
the past. The remainder of this section describes some of the main studies that have been
done over the past half-century.

2.4.1 Temporal Decay of Aftershock sequences
The variation of p-value has been discussed in several reports. For example, Mogi
(1967) studied a large number of aftershock sequences that occurred in Japan. He found
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that the regions on the Sea of Japan toward the volcanic areas and toward the Pacific
Ocean are characterized by having higher and lower p-values, respectively. Due to this
variation of p-value, Mogi (1967) explained that the fast decay rate of aftershock activity
is associated with high regional heat flow. He also suggested that more ductile rocks due
to higher surface heat flow expedite the stress relaxation in the aftershock region.
Mikumo and Miyatake (1978, 1979, 1983) related the statistical features of
aftershock sequences to the physical characteristics, such as heterogeneity of materials on
the fault. They fitted the modified Omori model to the dataset of the aftershock
sequences, and obtained p-values higher than unity for all the sequences. The relatively
higher p-values can be explained by relatively less time needed for stress relaxation. A
higher p-value may also be attributed to how fast a fault regains its initial strength
following the fault slip that causes the mainshock. Consequently, they proposed that the
higher p-values are associated with the presence of less spatial heterogeneities of the fault
shear strength.
Kisslinger and Jones (1991) calculated the p-values of 39 aftershock sequences
located in southern California, using the maximum likelihood estimation method. The
estimated p-values varied within a range from 0.7 to 1.8. The higher p-values
corresponded to the locations in the vicinity of the Salton Sea in which the surface heat
flow is considerable. A low p-value was found in a low temperature region. The majority
of obtained p-values, however, were around the mean value of 1.11 ± 0.25, which were
attributed to the regions of normal surface heat flow. These results were consistent with
Mogi’s proposed explanation (Mogi, 1967).
Creamer and Kisslinger (1993) studied the correlation between the temperature at
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the hypocenters of 23 aftershock sequences that occurred in Japan and corresponding pvalues. Subducting slabs were found to be characteristic of lower p-values and
hypocentral temperature, whereas higher p-values and hypocentral temperatures were
located westward behind the volcanic front.
Tsapanos (1995) studied the temporal distribution of 146 aftershock sequences
following one year after the mainshocks. The events occurred from 1964 until the end of
1986, all of which were located at the subduction zones around the Pacific Ocean. The
data were selected from the ISC (International Seismological Centre) catalog. Only the
crustal mainshocks, with magnitude equal to or greater than 7.0 were examined. The
estimated mean p-values for the eastern and the western Pacific subduction zones were
0.973 ± 0.054 and 0.912 ± 0.087, respectively. Tajima and Kanamori (1985b) stated that
the regions of less degree of heterogeneity are associated with strong coupling, whereas
the weak coupling areas result in a higher degree of heterogeneity. Davis and Frohlich
(1991) concluded that small p-values can be attributed to the large number of aftershocks
in a given sequence. Consequently, the eastern part of Pacific, with the occurrence of a
few aftershocks, a strong coupling, and higher p-values, is characterized by more
homogeneity, in opposition to the western region (Tsapanos, 1995).
The c and p values used in the modified Omori law make a better fit to the dataset
than the original law. The early aftershock activity of a sequence reveals how small the
estimated c-value is with the modified law. Utsu et al. (1995) even argued that the cvalue was zero. However, the calculated c-value in most detailed aftershock studies
shows that the aftershock activity fails to follow the modified Omori law at the beginning
of the aftershock sequences, indicating that the c-value cannot be zero. That is, the
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aftershock activities tend to increase rather than decrease shortly after the mainshock.
The sequence then starts decreasing at a rate that follows the Omori law. This can be
explained by some of small magnitude aftershocks that remain undetected at the early
stage of the sequence followed by a surge in activity afterward. In the case of strong
magnitude mainshocks and where the seismograms are located in the vicinity of the
epicenter, some unknown number of small aftershocks remain undetected. Consequently,
the missed aftershocks from the catalog would cause overestimation of the c-value (Utsu
et al., 1995). The variation of the c-value of the aftershock rate following the IwatekenOki earthquake was studied by Hamaguchi and Hasegawa (1970b). The estimated cvalues were in the range of 0.01 days to 0.99 days. This is consistent with the lack of
small undetected events at the early stage of the sequence.
An investigation suggested that the obtained c-value could be a signature of the
rupture evolution complexity following the mainshock (Yamakawa, 1968). That is, a
higher c-value could be associated with such cases that the expanded aftershock area
takes place at the initial times following the mainshock. The relatively lower c-values
(less than 0.01 days) can be attributed to the small magnitude of earthquakes that
generated simple aftershock sequences (Yamakawa, 1968). Some investigations showed
a slow occurrence rate of aftershock sequences at the initial times following the strong
mainshock in China (Motoya, 1970 and 1974; Lu, 1983).
A recent study suggested that the c-value is a function of cutoff magnitude c(mc)
above which the rate is computed (Shcherbakov et al., 2004). According to the analyses
of aftershock sequences of strong earthquakes occurring in California, the obtained cvalues are correlated with the threshold magnitude (mc). As the minimum magnitude
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cutoff increases, the c-value decreases, so that the nearly steady seismic activity rate lasts
more for smaller cutoffs magnitudes prior to starting descending.

Mikumo and Miyatake (1978, 1979, and 1983) have noticed that a larger b-value
(smaller proportion of large magnitude earthquakes to smaller magnitude earthquakes) of
the Gutenberg-Richter relationship is the result of more spatial heterogeneities of the
shear strength of a fault. It has been suggested that the variation of b-values can be
explained by characteristics of tectonic settings (Allen et al., 1965; Bath, 1981;
Hatzidimitriou et al., 1985; Wang, 1988; Tsapanos 1990). Tsapanos (1985) has
investigated the variation of b-values of subduction zones and mid-oceanic ridges in light
of a worldwide dataset with earthquake magnitudes equal to or greater than 5.5, and
concluded that the mean b-values are 1.21 and 1.09, respectively. Scholz (1968)
investigated fracture of rocks in laboratory-based experiments and found that the b-value
has an inverse relation to the increasing of stress at the tectonic settings.
Tsapanos (1990) used the least squares method to check the statistical variation of
the b-values of two different tectonic settings located around the Pacific Ocean. He
subdivided the circum-Pacific belt into area 1, which includes South America, Middle
America, and Mexico, and area 2, which covers regions at the west of the Pacific Ocean,
and all of the Alaskan and Aleutian Islands. Two datasets were used to estimate the bvalues. The first spanned a period of 77 years and the second a period of 90 years. The
results implied that, in general, b-values are smaller in area 1 and larger in area 2. This
can be explained by the fact that older shield zones are associated with less heterogeneity
of materials and contain a lower b-value than those in younger shield zones.
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2.4.2 Past studies of specific earthquake aftershock sequences in subduction zones
Kisslinger and Hasegawa (1991) studied aftershock sequences of the two
intermediate-depth earthquakes that occurred in the Kagana Pass of the central Aleutian
Islands and Iwaizumi, Japan. The Kagana Pass earthquake, with magnitude equal to mb =
6.0, occurred at a depth of 105 km on 21 March 1987 in the subduction zone of the
Aleutian Islands. A dataset of the CASN catalog was employed to analyze the spatial and
temporal distribution of the aftershocks. A 202-day time interval following the
mainshock was considered to study the aftershock sequence. It was found that the
decaying activity of the aftershocks followed the modified Omori law during the first 64
days following the mainshock. The number of aftershocks then increased dramatically
and initiating the second sequence. Consequently, two aftershock sequences, with the
minimum magnitude of 1.9, were studied for the entire 202 days following the
mainshock. Of 61 aftershocks that were triggered during the two aforementioned
sequences, 42 events occurred within the first sequence having magnitudes ranging from
1.9 to 4.8. Using the maximum likelihood estimation method, the values of b and p were
calculated for the first and second sequences as b1 = 1.01 ± 0.32, p1= 0.923 ± 0.09 and b2
= 1.03 ± 0.48, p2 = 1.036 ± 0.583, respectively.
Kisslinger and Hasegawa (1991) also studied the Iwaizumi earthquake (mb = 6.4)
which occurred at the depth of 75 km on 9 January 1987. In analyzing this event all data
were taken from the Tohoku University network. Using the maximum likelihood
estimation method, the aftershock activity closely matched the modified Omori law, so
that only one sequence was considered to model for more than a 400-day time interval
following the mainshock. The minimum and maximum magnitudes of aftershocks were
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2.3 and 5.0, respectively, and the total number of aftershocks was 195. During this
sequence, a surge in aftershock activity with the constant rate of aftershocks (0.25 events
per day) occurred 120.5 days after the mainshock and lasted for 63 days. The sequence
then followed the modified Omori law for the remainder of the dataset. The calculated
values of b and p for 120.5 days following the mainshock were 0.91 ± 0.14 and 0.96 ±
0.05, respectively. The estimated b-value for a 63-day surge in activity following 120.5
days after the mainshock was 1.23 ± 0.47. The behavior of the above-mentioned
aftershock sequences is similar to the aftershock sequences of shallow earthquakes. These
unusual aftershock sequences of the two intermediate-depth earthquakes, which caused a
surge in aftershock activity without the occurrence of a strong event, might be due to a
silent earthquake that occurred within the sequences. In the case of the Iwaizumi
earthquake the unusual aftershock sequence could be also related to the unusual tectonic
setting of the Wadati-Benioff zone.
Enescu and Ito (2002) studied the decay rate of aftershock activity and the
frequency-magnitude distribution of aftershocks following the 2000 Western Tottori
earthquake (M = 7.3) that occurred on October 6, 2000 in Japan. They used the data of
more than 4000 aftershocks, with magnitudes equal to or greater than 2.0, which were
triggered during four months following the mainshock. The data were obtained from the
JMA (Japan Meteorological Agency) catalog. The studied region was subdivided into
three areas: regions A, B, and C. Region A was associated with the mainshock, which
had a large number of aftershocks. After 2.5 days following the mainshock, the
aftershocks in regions B and C started to occur. Regions B and C were located southwest
and northeast of region A, respectively. The maximum likelihood estimation method was
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employed to estimate the modified Omori law parameters. In order to define the
completeness magnitude of aftershocks in region A, the cumulative number of
aftershocks versus magnitude of aftershocks was plotted. It was found that the plotted
data experienced rollover around Mc = 3.2, so that the completeness magnitude of 3.2
was selected. In the case of region B, Mc = 2.0 was found, using the aforementioned
procedure to estimate the completeness magnitude. Due to lack of events located in
region C, this region was excluded from analysis. Of five aftershocks with magnitude of
4.5 triggered inside region A, three were close to the mainshock in terms of both time and
space. The other two, along with the largest aftershock with magnitude of 5.0, were
located in the northwest of region A. It was found that the northwest part of the region A
had a slow decay rate compared to the southeast region. This can be explained by the
occurrence of the six aforementioned aftershocks located in the northwest of region A.
Using the maximum likelihood estimation method, the b-values for regions A and B were
found to be 1.3 and 1.0, respectively. The corresponding p-value and c-value of region A
were found to be about 1.0 and 0.01 days, respectively. These same values for region B
were found to be 0.83 and 0.008 days, respectively. The relatively lower p-value
estimated here can be explained by fractional heating following the large slip on the fault
during the mainshock. It may also be related to the heterogeneity of the area, which is
rather high in region B.
To analyze region A in more detail it was subdivided into two subregions A1 and
A2, based on the spatial distribution of the characteristics of earthquake sequences in the
region. The moderate magnitude earthquakes (M of approximately 5) occurred prior to
the mainshock (i.e., Tottori earthquake) in 1989, 1990, and 1997 (Shibutani et al., 2001)
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and were located in the southeast of region A (region A1). The region A1 also
experienced the largest slip on the fault during the 2000 Tottori earthquake (Yagi and
Kikuchi, 2000; Sekiguchi and Iwata, 2000). The subregion A2, however, had not
experienced any rupture during the previous 20 years at the time of the 2000 Tottori
earthquake. The obtained b-values for the two regions A1 and A2 were 1.42 and about
1.0 respectively. Due to the past events that occurred in the region A1, much of the stress
had been released, so that following the 2000 Tottori earthquake the magnitude of the
triggered aftershocks was rather small. Consequently, the higher b-value was obtained.
The region A2, on the other hand, experienced no rupture prior to the 2000 Tottori event,
so that the estimated b-value was not as high as the b-value of region A1.
Ramana et al., (2009) studied the decay rate and frequency-magnitude distribution
of the aftershocks that occurred during 730 days following the 26 December 2004 (M w =
9.1) Sumatra earthquake. A dataset containing magnitudes of at least 4.0 of the NEIC
catalog were employed to estimate the b-value and the modified Omori law parameters
by using the maximum likelihood estimation method. The 1300 km rupture length and
~4000 aftershocks with magnitude M ≥ 4.0 resulted due to the occurrence of the
mainshock. Figure 2.5 shows the decay rate of aftershocks modeled by the modified
Omori relationship. As is shown, the decay rate did not follow the modified Omori law in
the first two months following the mainshock. The estimated k, c, and p values were
396.67 ± 0.02, 1.564 ± 0.234, and 0.87 ± 0.02, respectively. The deviation of the p-value
from its standard value (p = 1.0) could be due to the temperature, local stress distribution,
and/or heterogeneity of the area. Additionally, by estimating the magnitude of
completeness around 4.5, the b-value was calculated to be 1.08 ± 0.02.

35

Figure 2.5. The p-value estimates of the aftershocks. The magnitude of
the mainshock was Mw = 9.1 occurred on 26 December 2004.
For a more detailed analysis, the aftershock distribution area, including the region
of Simeulue Island in the south and the regions of Andaman and Nicobar islands in the
north, was divided into four separate regions. Zone 1 contained the mainshock and the
strongest aftershock with the magnitude of 7.5. Zone 2 covered the Nicobar segment and
included two aftershocks with magnitudes greater than 7.0. Zone 3 included the Andaman
segment and northern part of the ruptured area. Zone 4 was related to the back-arc
spreading centre and included the aftershocks that mainly had normal faulting focal
mechanisms. This zone is recognized as one of the greatest swarm earthquakes that have
occurred in the world. The b-values were estimated to be 1.0 ± 0.03, 0.90 ± 0.05, 0.97 ±
0.04, and 1.15 ± 0.04 for zones 1, 2, 3, and 4, respectively. In the case of the first three
zones, the variation of the b-value was between 0.9 and 1.0, which was insignificant. The
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important finding of this study was that the estimated b-value of zone 4 was relatively
high. This can be explained by the fact that the majority of focal mechanisms of the
aftershocks were normal, and few of them had strike-slip focal mechanism. (Ekstrom et
al., 2005). Another reason for such a high b-value could be the swarm earthquakes that
occurred in zone 4. This usually causes relatively higher b-value estimates (Stein and
Wysession, 2003). The near unity b-values of the other three zones imply no significant
effect of the crustal heterogeneities or rupture characteristics on the rupture zone.

2.4.3 Modified Bath’s Law
This law will be discussed in detail in Chapter 3. Shcherbakov and Turcotte
(2004) studied the aftershock sequences of 10 earthquakes located in California, all of
which occurred between 1987 and 2003. They analyzed the following mainshocks:
Landers (M 7.3), Hector Mine (M 7.1), Whittier-Narrows (M 5.9), Superstition Hill (M
6.6), Upland (M 5.5), Sierra Madre (M 5.8), Northridge (M 6.4), Ridgecrest (M 5.8), Baja
(M 5.7), and San Simeon (M 6.0). All of the 10 earthquakes had magnitudes equal to or
greater than 5.5. All aftershocks with magnitude equal to or greater than 2.0 triggered by
these earthquakes were also extracted from the catalogue (Southern California
Earthquake Centre and Northern California Earthquake Data Center catalogues) located
in the region. The equation proposed by Kagan, (2002) (see chapter 3.4) was employed to
estimate the aftershock zones for each sequence.
In the case of the Landers earthquake (M = 7.3) the largest recorded aftershock
had a magnitude of mas= 6.3. Following Bath’s law, the mainshock and its largest
detected aftershock had a difference in magnitude of m = 1.0. By plotting the
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frequency-magnitude distribution of the aftershocks for the aforementioned time
intervals, and using the least square method to model the data, the b-value was found to
be 0.98 ± 0.01, the corresponding a-value to be 6.08, and the corresponding largest
detected aftershock to have a magnitude of m* = 6.2. Following the modified Bath law,
the mainshock and its largest inferred aftershock had a difference in magnitude of m * =
1.10 (see Figure 2.6).
The least square method was also applied to obtain the Gutenberg-Richter
parameters (a and b values) and the magnitude of the largest inferred aftershock for the
other nine events. For these 10 mainshocks, the average difference in magnitude between
the mainshock and the strongest recorded aftershock was m = 1.16 and had a standard
deviation of s m = 0.46. For the same 10 mainshocks, the average difference in
magnitude between the mainshock and the strongest inferred aftershock was m * = 1.11
and had a standard deviation of s m* = 0.29. Both Bath’s law and the modified Bath law
resulted in values close to the original value (about 1.2) proposed by Bath (1965). The
obtained standard deviation using the modified Bath law, however, resulted in a lower
value in comparison with using the original Bath law.
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Figure 2.6. Cumulative number of aftershocks of the Landers earthquake,
with magnitude greater than m, N( ≥ m), are given as functions of aftershock
magnitude m. Aftershock sequences for time periods of 92, 183, 365,730,
and 1095 days following the mainshock were used. The magnitude of
inferred largest aftershock was also estimated and compared with the
magnitude of the mainshock (Shcherbakov and Turcotte, 2004).

An attempt was made to find a regular pattern between the variation of both m
and m * , and the variation of the magnitudes of the 10 earthquakes. Figure 2.7a shows no
major dependencies of both parameters on the mainshock magnitude mms. A positive
correlation was found between m and m * of the aforementioned 10 mainshocks (see
Figure 2.7b).
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Figure 2.7. (a) Dependence of the magnitude differences Δm and Δm* on the
mainshock magnitude mms for the 10 earthquakes considered. (b) Dependence of
the inferred magnitude difference between the mainshock and largest aftershock
Δm* on the actual magnitude differences Δm between the mainshcok and largest
observed aftershock (Shcherbakov and Turcotte, 2004).

2.5 Summary
This chapter reviewed the terminology and background related to subduction zone
characteristics, the geometry and the seismicity, as well as the past studies of the
statistical properties of aftershock sequences following large subduction zone
earthquakes. As stated earlier, physical characteristics, such as heterogeneity of materials
on the fault plays a key role in the magnitude of triggered aftershocks and in the decay
rate of aftershock sequences following mainshocks. Additionally, there is a correlation
between the b-value of the Gutenberg-Richter law, the p-value of the modified Omori
law, and the age of subducting oceanic lithosphere. Using the method described in
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Chapter 3, we will study the aftershock sequences of large subduction zone earthquakes
to estimate the parameters that have implications to the seismicity of different tectonic
settings.
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Chapter 3
METHODOLOGY
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3.1 Overview
This section discusses the methodology used to find the parameters of the three
empirical laws for the aftershock sequences. These parameters are important for the
seismic hazard assessment of a given region based on the background seismicity. The
first law is called the Gutenberg–Richter relationship and is an exponential model to
describe the frequency-magnitude statistics of earthquakes. It is applied to earthquakes
that have occurred in a given region during some time interval. This law can also describe
aftershock sequences generated by a mainshock. This statistical law is based upon the
frequency-magnitude distribution of the earthquakes. The main goal is to reveal the
characteristics of an area’s seismicity in light of the relationship among the cumulative
number of earthquakes in the region and their magnitudes. In addition, this relationship is
valid for the statistical aspects of the seismicity at the global level (Turcotte et al., 2007).
The second statistical law, Bath’s law, indicates a relationship between a
mainshock and its largest detected aftershock and states that their difference in magnitude
is approximately constant (~ 1.2). It is noteworthy to reveal that the validity of this
constant value is reliable when the average is calculated over many aftershock sequences.
This relationship is known as Bath’s law and is independent of the strength of the
mainshock. An attempt was made by Shcherbakov et al. (2004) to identify the inferred
largest aftershock by incorporating Gutenberg–Richter scaling and Bath’s law, resulting
in a law consistent with the Gutenberg–Richter relationship. It was also found that the
modified Bath law results in lower standard deviations compared to the original law.
Finally, the last statistical law models the decaying rate of aftershocks generated
by a mainshock. This empirical relationship, which is known as Omori’s law, emphasizes
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the temporal decay of an aftershock frequency following the mainshock. The modified
Omori law is employed to express the stress relaxation process in the form of aftershock
decay (Omori, 1894; Ogata, 1983, 1999; Utsu et al., 1995; Shcherbakov et al., 2004).
In the following section these three key laws will be described, and the methods
used to estimate the parameters will also be discussed.

3.2 Empirical laws for aftershock sequences
3.2.1 Gutenberg–Richter law
The Gutenberg-Richter law describes the relationship between the frequency of
earthquake occurrences and their magnitudes as follows:
log 10 ( N  m)  a  bm

(3.1)

where N( ≥ m) represents the cumulative number of earthquakes having magnitudes equal
to or greater than m, and a and b are positive constants (Gutenberg and Richter, 1954;
Utsu, 1965; Shcherbakov et al., 2005; Turcotte et al., 2007). It is of interest to estimate
the b- value, as it has implications for the seismicity of the region. A high b-value implies
a smaller proportion of large earthquakes. This relationship can be used to describe both
global seismicity and local aftershock sequences.
The b-value varies from region to region. One explanation can be related to the
stress redistribution following a mainshock. That is, a relatively lower b-value is
associated with a region that has experienced higher shear stress following a mainshock,
while a relatively larger b-value indicates the opposite (Ito and Enescu, 2002). The
variation of b-values can also be related to the history of previous ruptures. The areas that
have already experienced earthquakes and are more fractured contain relatively larger b-

44
values (Ito and Enescu, 2002). It has also been suggested that a larger b-value is the result
of more spatial heterogeneities of the shear strength of the fault (Allen et al., 1965; Mogi,
1967; Mikumo and Miyatake 1978, 1979, 1983; Tsapanos, 1990). Mori and Abercrombie
(1997) claimed that a decrease in heterogeneity occurs as stress and depth increase. This
relationship results in a lower b-value estimate. It has been further suggested that the
relatively largest b-values are the result of normal faulting earthquakes, and strike-slip
faults and thrust faults are associated with intermediate and smallest b-values,
respectively (Schorlemmer et al., 2005). The reason for higher b-values in the case of
normal faulting events is that the maximum principal stress equals the burden of the
materials that lie above the area of the fault. It was found that in most cases the b-value
ranges from 0.8 to 1.2 (Frohlich and Davis, 1993; Turcotte and Shcherbakov, 2007).
Lower b-values in the aftershock sequences imply the existence of a larger
proportion of large magnitude aftershocks. In contrast, higher b-values are explained by a
larger fraction of lower magnitude aftershocks in the sequences (Bender, 1983). For the
sake of diversity of fitting techniques, such as the least squares or maximum likelihood
estimation, different b-values can be estimated for the same data set of earthquakes.
Additionally, magnitude interval size, the lack of events within some magnitude intervals,
and the variation of the size of the sample data set all may influence the estimated b-value
(Bender, 1983).
As noted earlier, there are several approaches for estimating the b-value. Among
them, the most straightforward one is the maximum likelihood estimation method, which
was proposed for the first time by both Aki, (1965) and Utsu, (1965):
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log 10 (e)
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(3.2)

where mc is the completeness magnitude (or is the minimum magnitude above which all
events are detected and used in the analysis) and m is the average of magnitudes greater
or equal to mc. This equation has two problems: first, it takes into account the magnitude
of earthquakes as a continuous variable, whereas the reported magnitudes in the
catalogues are discrete variables; second, this equation considers that the upper limit for
the magnitude in a given data set can reach infinity, which is not physically possible
(Bender, 1983). To address these problems, Bender (1983) proposed a maximum
likelihood estimation method for determining the b-value of discrete and finite maximum
magnitude data. This equation was also derived and confirmed by Guttorp and Hopkins,
(1986), as well as Tinti and Mulargia, (1987), as follows:
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where m is the magnitude bin width. This equation gives correct b-values for large
magnitude interval data sets compared to Aki and Utsu’s Equation. A confidence interval
for b-value, bci, can be computed using the estimate of the error for a given confidence
level (Tinti and Mulargia, 1987; Guttorp and Hopkins, 1986):
berr = log 10 (e)
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where Equation (3.5) gives Pest for binned magnitude data ( m  0.1 ,which was used in
this work), ci ( ) is the upper limit of an interval which contains (1-  ) % confidence
interval from the standard normal distribution, and N represents the total number of
earthquakes in the sequence greater than mc.
Following Equations (3.3) and (3.4), the confidence interval of b-value (bci) can
be found using the following equation:


bci  b  berr

(3.6)

3.2.2 Bath’s law
The difference in magnitude between a mainshock and its largest detected
aftershock is known as Bath’s law (Bath, 1965):
Δm = mms – mas

(3.7)

where mms is the magnitude of the mainshock and mas is the magnitude of its largest
detected aftershock. Statistically, Δm is nearly constant (Δm ~ 1.2) and independent of
how strong the mainshock is. It is worth noting that the Bath’s law is a statistical law and
is valid when one averages over many aftershock sequences.
Following Shcherbakov and Turcotte (2004), there is an inferred largest
aftershock (m*) that can be obtained using the distribution of aftershocks and an
extrapolation of the Gutenberg-Richter law. This magnitude can be calculated by
considering N = 1 in Equation (3.1):
a = bm*

(3.8)

Δm* = mms – m*

(3.9)

Therefore, we can write
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This is known as the modified Bath law and generally Δm* ~ 1 (Shcherbakov and
Turcotte, 2004). Substitution of Equations (3.8) and (3.9) into Equation (3.1) gives
log 10 ( N  m)  b(mms  m *  m)

(3.10)

Consequently, m* can be found from the intersection of the line N = 1 and the
fitted line of the Gutenberg-Richter relationship. This will estimate an upper cutoff
magnitude in a given data set of aftershocks. Similar to Bath’s law, Δm* of the modified
Bath law is independent of the magnitude of the mainshock. However, the standard
deviation obtained from the modified Bath law is smaller than the standard deviation of
Δm estimated by Bath’s law (Shcherbakov and Turcotte, 2004).

3.2.3 Omori’s law
The aftershock activity decays with time and follows the modified Omori law
(Utsu, 1961) as follows:
r (t, ≥ mc ;  ) =

k
,
(t  c ) p

  (k , c, p )

(3.11)

where r(t) is the number of triggered aftershocks with magnitudes equal to or greater than
mc per unit time, at time t after the mainshock. That is, t = 0 is the time of the occurrence
of the mainshock and k, c, and p are parameters. In the case of p = 1 and c = 0 Equation
(3.11) represents the original Omori’s law (Omori, 1894).
The values of k and c depend on the total number of aftershocks of the sequence
above given cutoff, and the rate of aftershock activity during the initial part of the
sequence, respectively (Ogata, 1999; Shcherbakov et al., 2004; Ramana et al., 2009). An
explanation has been proposed that a higher c-value is associated with such cases where
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the expanded aftershock area takes place at the initial times following the mainshock. The
relatively lower c-values (less than 0.01 days) can be attributed to the small magnitude of
earthquakes that generated simple aftershock sequences (Yamakawa, 1968).
The p-value, however, most likely depends on the heat flow, the rate of stress in
the crust, and the heterogeneity of the earth’s crust. Thus, in the regions where the crustal
heat flow is lower, the aftershock activity decays gradually and we observe a lower pvalue (Mogi, 1962; Kisslinger and Jones, 1991; Creamer and Kisslinger, 1993; Ogata,
1999). It has also been suggested that the slow diffusion of aftershocks results in a greater
stress relaxation time and consequently results in a lower p-value estimate (Kisslinger,
1996; Dieterich, 1994). Additionally, it was found that the variation of p-values can be
related to pore fluid flow which consequently may cause weakening and a decrease in the
shear strength of a fault (Nur and Booker, 1971). Enescu and Ito (2002) found that areas
that experienced larger slips during a mainshock can be attributed to having higher pvalues, whereas the areas that have not ruptured recently have lower p-values. It has been
further suggested that the regions exhibiting greater recovery of a strength fault soon after
the mainshock are associated with higher p-values (Mikumo and Miyatake 1978, 1979,
1983; Kisslinger, 1996).
The parameters of the modified Omori law are obtained using the maximum
likelihood estimation method (Ogata, 1983 and 1999). Therefore, we use the log
likelihood function of the aftershock sequence as follows:
For p = 1
N

te

N

ln L(k , c, p )   ln r (t i )   r (t )dt  N ln k  p  ln(t i  c)  k ln
i 1

ts

i 1

te  c
ts  c

(3.12a)
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and if p ≠ 1
te

N

N

ln L(k , c, p)   ln r (t i )   r (t )dt  N ln k  p  ln(t i  c)  kA(c, p)
i 1

where A(c, p ) 

(t

e

(3.12b)

i 1

ts

 c )1 p  (t s  c )1 p
(1  p )



(3.13)

In Equations (3.12a) and (3.12b), ti is the time of occurrence of ith aftershock, N
is the total number of aftershocks in the sequence, ts and te are the time occurrence of the
first and the last aftershock in the sample data set, respectively. The values of k, c, and p,
which maximize the function L (k, c, p) in Equations (3.12a) or (3.12b), provide the best
fit of the modified Omori law to the data set based on the maximum likelihood estimation
method.
The confidence interval of the values of k, c, and p can be calculated using the
Fisher information matrix defined as follows (Ogata, 1983 and 1999):

k 1 (t  c)  p
 p(t  c)  p 1
 (t  c)  p ln(t  c) 


J ( ; t s , t e )    p(t  c)  p1
kp 2 (t  c)  p2
kp(t  c)  p 1 ln(t  c)dt (3.14)
ts 
p
 p 1
ln(t  c)
k (t  c)  p ln 2 (t  c) 
 (t  c) ln(t  c) kp(t  c)
te

Then, one can obtain the error of each parameter k, c, and p by taking the square root of
the diagonal components of J 1 ( ;t s , t e ) :



 err  diag J 1 ( ; t s , t e )



(3.15)

Finally, the confidence interval of the parameters k, c, and p can be obtained as follows:

 ci     err ci ( )

(3.16)

where ci ( ) contains (1-  ) % confidence interval from the standard normal
distribution.

50

3.3 Earthquake catalogs
3.3.1 Preliminary Determinations of Epicenters (NEIC) catalog
The Preliminary Determinations of Epicenters (NEIC) catalog is the most
comprehensive

worldwide

database

available

(USGS,

2011:

http://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_global.php). Most detected
earthquakes since 1973 are available in this catalog. The information available for each
earthquake in the NEIC PDE catalog includes the year, month, day, time, latitude,
longitude, depth, and magnitude of the occurred earthquake. The listed earthquakes in
this catalog contain different magnitude scales, such as body wave magnitude (mb), local
magnitude (ML), and moment magnitude (Mw). Processing the teleseismic body-wave
data, the majority of earthquakes are reported using a body wave magnitude scale.
Additionally, some magnitude earthquakes are reported using moment magnitude (Mw)
and local magnitude (ML) scales. Such magnitudes are taken from different databases,
such as the General Centroid Moment Tensor catalog (GCMT), or from local catalogs.
As the small magnitude earthquakes are also reported in local catalogs, the NEIC
database provides an opportunity to develop comprehensive estimates of the parameters
of the statistical laws for aftershock sequences.
3.3.2 Local GeoNet catalog
The GeoNet database is the local catalog of New Zealand earthquakes that are
locally

detected

by

dense

2011:http://magma.geonet.org.nz/resources/quakesearch/).

networks

(Geonet,

This

includes

catalog

earthquakes with a broad range of magnitudes that have occurred within and around New
Zealand since 1950. The information available for each earthquake in the GeoNet
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database contains the year, month, day, time, latitude, longitude, depth, and magnitude of
the occurred earthquake. As a wide range of earthquakes are reported in this local
catalog, a sufficient number of aftershocks are available to better estimate the parameters
of the empirical laws for aftershock sequences.

3.4 Data and completeness of catalog
This study analyses the aftershock sequences of subduction zone earthquakes
around the world with moment magnitude Mw ≥ 6.2 from 1973 to 2011, and applies the
statistical laws mentioned above to their aftershock sequences for different time intervals
after the mainshock. The data sets were selected from the Preliminary Determinations of
Epicenters (NEIC) catalog from the U.S. Geological Survey (USGS, 2011:
http://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_global.php).
As stated earlier, this database is the most comprehensive worldwide database
available. This provides an opportunity to develop comprehensive estimates of the
parameters of the statistical laws for aftershock sequences.
All events with magnitude equal to or greater than 3.0 from the beginning of 1973
until the 27th September 2011 were taken from the catalog. Some events are known to be
undetected by the network, so that they are not available in the catalog. Such events can
be missed because some are too small to be recorded or they may be masked by larger
events. Therefore, we analyzed the data in order to define the completeness of the catalog
(mc). This magnitude is a threshold above which the catalogue is complete, so that there
are no missing events in it. As is shown in Figure 3.1, the magnitude completeness for the
whole catalog was estimated to be mc = 4.6. It is worth pointing out that the completeness
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magnitude varies from place to place and the value that was found for the whole earth (mc
= 4.6) is only one possible test for completeness. In other words, this value does not mean
that the magnitude is complete for everywhere above this value.

Figure 3.1. Frequency–magnitude distribution of all earthquakes having magnitude
greater than 3.0 within the period of 1973-2011. The NEIC catalog that used for this
plot, contains the world-wide data.

Additionally, we analyzed the aftershock sequences of shallow subduction zone
earthquakes with local magnitudes (ML) equal to or greater than 6.0 that occurred around
New Zealand. For this purpose, all earthquakes with local magnitudes above 2.0 starting
from 1950 up to the end of August 2011 were selected from the local catalog of New
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Zealand (Geonet, 2011:
http://magma.geonet.org.nz/resources/quakesearch/). Plotting the Gutenberg-Richter law
for the dataset gives approximately the completeness of local magnitude of 4.0 (See
Figure 3.2) It should be noted that this completeness magnitude varies depending upon
the location within New Zealand.

Figure 3.2. Frequency–magnitude distribution of all earthquakes occurred in New
Zealand having magnitude greater than 2.0 within the period of 1950-2011.

3.5 Estimation of the aftershock zone
It is difficult to determine precisely the aftershock zone of a mainshock. However,
there is a relationship between the rupture length L and the magnitude of a mainshock
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mms that can be used in estimating the aftershock zone: L  0.02  10 0.5 mms (Kagan, 2002;
Shcherbakov and Turcotte, 2004). In addition, as in most mega-thrust earthquakes, there
are a large number of aftershocks triggered several days after a mainshock (Kisslinger,
1996). We used the aftershocks which occurred 10 and 30 days after the mainshock to
estimate the approximate extent of the aftershock zone. For this purpose, a square area of
size 10o centered on the mainshock epicenter was considered to cover all the earthquakes
equal to or greater than a magnitude cutoff which occurred after a mainshock. Then,
based on the location of the mainshock and its possible aftershock distribution, an
elliptical region was plotted to cover all the possible aftershocks using the information
from the distribution of earlier aftershocks (after 10 or 30 days) and also taking into
account the size of the rupture of the mainshock. While one could consider a circle or a
square to select the area, an ellipse was selected in this study because it is more flexible
in terms of covering all possible distributed aftershocks of a mainshock.

3.6 Frequency-magnitude distribution and the Gutenberg Richter law
for aftershock sequences
After selecting the appropriate aftershock sequence for the particular mainshock
event, the cumulative number of aftershocks versus magnitude of the aftershocks is
plotted, and a straight line is fitted to the data using the maximum-likelihood estimate to
construct the Gutenberg-Richter relationship. One usually observes a rollover (departure
from the straight line) for small and large magnitudes. For the large magnitudes, the
rollover is mostly due to the lack of statistics for large events. For the small magnitudes,
the rollover is due to incompleteness of the catalog. We therefore assume the
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completeness magnitude as being the smallest magnitude above which the distribution
can be fitted by the straight line (Gutenberg-Richter relationship). The best fit for the data
will be located on the mc value and the b-value obtained from Equation (3.6).

3.7 Construction of the modified Omori law for aftershock sequences
In order to construct the modified Omori law, we plotted the rate of occurrence of
the aftershocks versus time since the mainshock in log-log scale. To this end, we
subdivided the time axis into the several logarithmic bins to avoid having no event in
each bin, as multiple time scales are involved. The bins were defined as follows:
The coordinate of the first bin, x1 , was defined as the occurrence time of the first
aftershock and the length of the first bin was x1 . The coordinate of the following
bins, x n 1 (n ≥ 1), were calculated using a bin factor “a”, such as x n1  a. x n . Then, the
number of triggered aftershocks in the time interval of each bin was divided by the length
of that bin ( x n1  x n ), the results of which were considered as the rate of aftershocks of
each bin. These rates were plotted in the middle of the bins afterward. The parameters of
the modified Omori law, (k, c, p), were estimated using the maximum likelihood
estimation method. Those parameters were used to plot the curve.
As it has been done in several publications, instead of using the log-log scale for
estimating Omori’s law, one can consider the cumulative number of aftershocks versus
time, or the number of aftershocks versus time in days after the mainshock.
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Chapter 4
Data analysis and results
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4.1 Overview
This section analyzes aftershock sequences following major subduction zone
earthquakes that have occurred since 1973 worldwide. As mentioned in Chapter 3, the
statistical properties of an aftershock sequence can be modeled using three key empirical
laws: the Gutenberg-Richter law, the modified Omori law, and Bath’s law. In this
chapter, these laws are applied to 93 subduction zone earthquakes with moment
magnitudes greater than or equal to 6.2. For this analysis I used the NEIC world-wide
catalogue
(http://earthquake.usgs.gov/earthquakes/eqarchives/epic/epic_global.php).These
earthquakes occurred in different subduction zones, such as tectonic parts of the CircumPacific Belt and the Sunda arc. Additionally, by using the data detected by the local
networks

in

New

Zealand

(the

GeoNet

earthquake

catalogue:

(http://magma.geonet.org.nz/resources/quakesearch/), the three key laws were applied to
the subduction zone earthquakes, with local magnitudes greater than or equal to 6.0 that
occurred around New Zealand since 1960. In order to have satisfactory estimation of
parameters of the three laws, a sufficient number of aftershocks are required. As such, the
reason for selecting such large mainshocks is to have a sufficient number of aftershocks
following the mainshocks.
For each mainshock, based on the distribution of aftershocks for a 10- and a 30day time interval following the mainshock, an appropriate elliptical region was
determined to define a possible aftershock zone of that mainshock. In each such zone all
possible aftershocks triggered during one year since the mainshock were considered and
analyzed. The completeness magnitude of aftershock sequences was then determined by
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plotting the Gutenberg-Richter relationship using the method described in Chapter 3.
Next, using the maximum likelihood estimation method the b-value and a-value were
estimated for each aftershock sequence. We also applied both Bath’s law and the
modified Bath’s law for each sequence. To ensure that all corresponding aftershocks
were properly considered, the depth-magnitude distribution of aftershocks following a
mainshock was also plotted, with depth being limited to the appropriate triggered
aftershocks. Finally, using the maximum likelihood estimation method, the Omori law
parameters were calculated for each sequence and the number of aftershocks per unit
time was plotted.
The goal of this chapter is to compare the average of b-value and p-value of the
aftershock sequences following the mainshocks located in the western Pacific and eastern
Pacific regions. This chapter reports the results of analyzing 93 different subduction zone
earthquakes, and also New Zealand subduction zone earthquakes. To demonstrate the
approach, the chapter illustrates the application of the analysis to 10 most representative
mainshock-aftershock sequences in detail, and reports the obtained parameters of the
three statistical key laws. For the rest of the mainshocks and their aftershock sequences,
the results of analyses were reported in tables. In the next chapter we made an attempt to
find and discuss any correlation between the parameters, location, and magnitudes of
mainshocks. The 10 representative subduction mianshock-aftershock sequences are
discussed in the following 10 subsections.

4.2 The 1977 Sumba Earthquake (Mw = 8.3)
Past studies reveal that the Australian continental lithosphere extends towards the
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outer Banda arc and continues to subduct beneath Timor (Curray et al., 1977; Hamilton,
1979). However, this subduction process has almost ceased. The Australian lithosphere
still continues to move to the north, as is evident from the development of the back arc
thrust (Weissel and Hayes, 1974; Vogt et al., 1983).
The tsunamigenic Sumba earthquake (Mw = 8.3) occurred on 19 August 1977 at
06:09:33 UTC near the eastern Sunda trench subduction zone. Westward of this
earthquake is the region where Australian lithosphere collides with the island arc. The
initial rupture length of this event was about 200 km and extended far in both the east and
the west directions. The Global Centroid Moment Tensor catalog (GCMT) estimated the
focal mechanism of this outer-rise normal faulting event with the epicenter of 11.14º S,
118.23º E, and having the orientation of strike φ =260º; dip δ = 24º, rake λ = -73º, and M0
= 2.9 x 1021 N.m. This earthquake is the greatest outer-rise event on record after the great
Sanriku earthquake of 1933 (Spence, 1986). Due to the age and thickness of the oceanic
lithosphere (~ 100 km) and slow rate of subduction at the location of Sumba earthquake,
strong negative buoyancy of the subducted oceanic lithosphere is the main cause of this
event (Spence, 1986).
Several extensional aftershocks were triggered following the mainshock.
Following the first four days, the majority of aftershocks expanded between 65 and 115
km east of the mainshock. During the first month after the mainshock, aftershocks
scattered further, 120 km west of the mainshock. These aftershocks all occurred in the
upper 28 km of the oceanic lithosphere, starting from approximately 6 km depth of the
seafloor. The focal mechanisms are consistent with the normal faulting system (Spence,
1986). Fifty days after the mainshock, aftershocks were triggered for 2 days in the
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secondary zone. These aftershocks began on the eastern end of northwest region of the
mainshock and extended further west (~ 180 km) from the mainshock. Preceding these
events, several weeks before, strike slip foreshocks occurred in this zone (Spence, 1986).
Several studies indicated that the focal mechanisms of this zone of the aftershocks were
right-lateral strike slip faults (Fitch et al., 1981; Dziewonski et al., 1981; Spence, 1986).
This right-lateral displacement occurred because the subduction rate in the western part
of the Sumba earthquake was initially greater than the eastern part. Additionally, as the
secondary zone of aftershocks was located west of the Sumba island, interaction between
the subducted oceanic plate and the Sumba continental plate at a deep level might be
another reason of the occurrence of right-lateral strike slip aftershocks. This interaction
provides different subduction rates at both sides of the zone (Hamilton, 1979; Chamalaun
et al., 1982; McCaffrey and Nabelek, 1984b; Spence, 1986).
In analyzing this earthquake, based upon the distribution of the earlier
aftershocks, a 10- and a 30-day time interval with body wave magnitude cutoff 4.0, we
estimated the aftershock zone (an elliptical region) with radii equal to 2.3 and 2.0 degrees
that encircles all possible aftershocks triggered during the one year since the mainshock.
We then used this zone to analyze the aftershock sequence following one year after the
mainshock. Figure 4.1 depicts the location of the mainshock by a white star and the
spatial distribution of aftershock sequences with magnitudes equal to or greater than 4.0
during a 10-day and a 30-day time window after the mainshock by pink and brown
points, respectively. We then plotted the yellow points in Figure 4.2 as the aftershocks
with magnitudes equal to or greater than 4.0 (which is lower than the completeness
magnitude of the entire catalog) for a one-year time interval, starting after the mainshock
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(the white star). Next, to specify the completeness magnitude of the aftershock sequence
of this earthquake in the aforementioned time interval, we used the Gutenberg–Richter
relationship, which is plotted in Figure 4.3. As can been seen from Figure 4.3, the
completeness magnitude is estimated to be 5.4. We then determined those aftershocks
that had a magnitude equal to or greater than 5.4, which are plotted as red points in
Figure 4.2.

Figure 4.1. Aftershocks region and distribution following the Sumba earthquake, 1977
(Mw = 8.3). The pink, and brown points represent the aftershocks greater than or equal
to 4.0 after 10 and 30 days, respectively.
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Figure 4.3 illustrates the Gutenberg–Richter relationship for the aftershock
sequence one year following the mainshock. The parameters were estimated using the
maximum likelihood estimation method. It was found that the cumulative number of
aftershocks above mb = 4.0 was 221, with the largest one having the magnitude mb = 6.7.
Using the magnitude cutoff, mc = 5.4, the b-value was estimated to be 1.41 ± 0.37 and the
corresponding a-value was 9.49. The significantly higher b-value is most likely
associated with the occurrence of normal faulting aftershocks. As the normal faulting
occurs under lower stress, small magnitude aftershocks will often be generated following
a mainshock. This results in a rather high b-value.

Figure 4.2. Aftershocks region and distribution after one year following the Sumba
earthquake, 1977 (Mw = 8.3). The yellow and red points represent aftershocks equal
to or greater than 4.0 and mc, respectively.
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We applied both Bath’s law and the process outlined in Shcherbakov and Turcotte
(2004) for the aftershock sequence stated earlier (Figure 4.3). The largest detected
aftershock had a magnitude of mb = 6.7. Using the former law, the difference between the
mainshock and the largest detected aftershock (Bath’s law) is Δm = 1.3. To calculate the
largest inferred aftershock (the green star), we used the obtained b-value and found a
magnitude of m* = 6.7, which is consistent with the data in the sequence. In this case, the
difference between the mainshock and the largest inferred aftershock was Δm* = 1.3.

Figure 4.3. Frequency–magnitude distribution for the aftershock sequence one year after
the mainshock. The green star shows the magnitude of the largest inferred aftershock, m*
= 6.7.
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As Figure 4.4 shows, except for an aftershock that was triggered at a depth of 19
km, all the other aftershocks, including the largest one, occurred at the depth located in
the vicinity of the mainshock. In this case, the largest aftershock occurred at a depth of 33
km, nearly 8 months after the mainshock.

Figure 4.4. The depth-magnitude distribution of aftershocks one year after the
mainshock. The largest aftershock occurred at the depth of 33 km after about 8 months
following the mainshock.

The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.5 as a function of time for one year following the mainshock. The magnitude cutoff, mc
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= 5.4, was used for the calculation. It can be noticed that the decay of activity follows
modified Omori’s law satisfactorily during the whole time interval. As is expected, due to
secondary zone activities, this fluctuation is noticeable nearly two months after the
mainshock. The k, c and p values are k = 13.51 ± 11.64, c = 0.59 ± 1.15 and p = 0.94 ±
0.21, respectively. The Sumba earthquake occurred at the western Pacific region, and this
region is characterized by more heterogeneity of materials. Consequently, the materials
of the region might have caused a slightly low p-value. Another reason a lower p-value
could be related to the lengthened stress relaxation time, due to secondary zone activity,
which resulted in a slow decay of the sequence.

Figure 4.5. The rate of occurrence of aftershocks for one year after the mainshock
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4.3 The 1994 Shikotan (Hokkaido–Toho–Oki) earthquake (Mw = 8.3)
On October 4, 1994 an intraplate event having moment magnitude of M w = 8.3
ruptured a considerable part of the descending lithosphere due to subduction of the
Pacific plate beneath the central Kuril arc. The average rupture velocity and the released
seismic moment were 2.5 km/s and 2.6 x 1021 N.m, respectively (Kikuchi and Kanamori,
1995). The initial break determined by the Global Centroid Moment Tensor catalog
(GCMT) occurred at 13:23:28 UTC with the epicenter of 43.60º N, 147.63º E at a depth
of 33 km. Based upon the Harvard CMT solution, the nodal plane that corresponds to the
fault plane had a strike of 51º, a dip of 76º and a rake of 125º.
In terms of magnitude and location, this massive earthquake was similar to the
1969 interplate thrust Kuril Island event, with a magnitude of M w = 8.2, which occurred
at 43. 44º N, 147.82ºE. However, due to the fact that the seismic gap associated with
most mega-thrust earthquakes along the Kuril Island lasts for more than a century, a gap
of 25 years in this case is rather unusual. Further investigations uncovered that this event,
unlike the usual subduction zone mega-thrust interplate earthquakes, occurred within the
oceanic lithosphere (Kikuchi and Kanamori, 1995). The largest aftershock of this event,
of Mw = 7.3 was triggered on October 9, and was close to the northeast end of the fault
plane of the mainshock (Katsumata et al., 1995). Studies confirmed that the epicenters of
the aftershocks were distributed on the ruptured fault plane of the mainshock, in the
downgoing Pacific plate in the vicinity of the fault plane of the mainshock, and around
the largest aftershock region (Katsumata et al., 1995).
In analyzing this event, based on the distribution of the earlier aftershocks, a 10and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
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aftershock zone (a circle area) with radius equal to 2.5 degrees that surrounds all possible
aftershocks triggered during the one year since the mainshock. We then used this zone to
analyze the aftershock sequence following one year after the mainshock. Figure 4.6
presents the location of the mainshock by representing it with a black star, and the spatial
distribution of aftershock sequences with magnitude equal to or greater than 4.7
following a 10-day and a 30-day time window after the mainshock by pink and brown
points, respectively. We then plotted the yellow points in Figure 4.7 to show the
aftershocks, having magnitudes equal to or greater than 4.0 (which is lower than the
completeness magnitude of the entire catalog) for a one-year time interval, starting after
the mainshock (the black star). Next, to specify the completeness magnitude of the
aftershock sequence of this earthquake in the aforementioned time interval, we used the
Gutenberg–Richter relationship, which is plotted in Figure 4.8. The estimated
completeness magnitude is 4.7, as shown in Figure 4.8. We then represented those
aftershocks having a magnitude equal to or greater than 4.7 by red points, as exhibited in
Figure 4.7.
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Figure 4.6. Aftershocks region and distribution following the Shikotan earthquake in
1994 (Mw = 8.3). The pink and brown points represent the aftershocks greater than or
equal to 4.0 after 10 and 30 days, respectively.
.

Figure 4.8 illustrates the Gutenberg–Richter relationship for the aftershock
sequence for one year following the mainshock. The parameters were estimated using the
maximum likelihood estimation method. It was found that the cumulative number of
aftershocks above mb = 4.0 is 704, with the largest one having the magnitude M w = 7.3.
Using the magnitude cutoff, mc = 4.7, the b-value was estimated to be 1.13 ± 0.12 and the
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corresponding a-value was 7.94.

Figure 4.7. Aftershocks region and distribution after one year following the Shikotan
earthquake in 1994 (Mw = 8.3). The yellow and red points represent aftershocks equal to
or greater than 4.0 and mc, respectively.

We also applied both the Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) to the aftershock sequence stated earlier (Figure 4.8). The largest
recorded aftershock had a magnitude of Mw = 7.3, so that using the former law, the
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difference between the mainshock and the largest recorded aftershock (Bath’s law) was
Δm = 1.0. To calculate the largest inferred aftershock (the green star in Fig. 4.8), we used
the obtained b-value and found a magnitude of m* = 7.0, which is consistent with the data
in the sequence. In this case, the difference between the mainshock and the largest
inferred aftershock was Δm* = 1.3.

Figure 4.8. Frequency–magnitude distribution for the aftershock sequence one year
after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 7.0.

Figure 4.9 indicates that although some aftershocks are located at a depth in the
vicinity of the mainshock, the majority of them were triggered at a further depth, starting
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~ 20 km. In this case, the largest aftershock occurred at a depth of 33 km, nearly 5 days
after the mainshock.
The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.10 as a function of time for one year following the mainshock. The magnitude cutoff mc
= 4.7 was used for the calculation. It can be seen that the decay of activity for the whole
time interval follows the modified Omori’s law satisfactorily with the exception of the
first couple of hours after the mainshock. The k, c, and p values are k = 53.83 ± 13.43, c =
0.10 ± 0.09 and p = 1.01 ± 0.07, respectively. For this sequence, the p-value is close to
the value proposed by Omori (1894).

Figure 4.9. The depth-magnitude distribution of aftershocks following one year
after the mainshock. The largest aftershock occurred at the depth of 33 km after
about 5 days following the mainshock.
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Figure 4.10. The rate of occurrence of aftershocks for one year after the mainshock.

4.4 The 1996 Biak-Indonesia earthquake (Mw = 8.2)
On 17 February 1996, a tsunamigenic thrust earthquake occurred on the New
Guinea Trench, in which the descending Pacific plate subducted beneath New Guinea.
The Global Centroid Moment Tensor catalog (GCMT) reported the epicenter at 0.67º S,
136.62º E. This was the largest underthrust event (Mw = 8.2) since 1977. The background
seismicity of the 1996 Biak rupture area was very poor and had experienced a few
earthquakes with the last largest one occurring on 26 May 1914 (M w = 7.9) (Henry and
Das, 2002). The 1996 mainshock parameters obtained by Global Centroid Moment
Tensor (GCMT) catalog had a strike of 103º, a dip of 11º, a rake of 69º, and a seismic
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moment of M0 = 2.7 x 1021 N.m (http://www.globalcmt.org/).
The fault rupture extended 180 km westward and 50 km eastward, away from the
hypocenter of the earthquake. The width of the fault associated with the aforementioned
failed area varied from place to place and ranged from 30 to 100 km (Henry and Das,
2002). The propagation of the rupture induced on average a 4 m slip over the 23,000 km2
(230 km x 100 km) ruptured area. The fault rupture spread first to the west of the
hypocenter, and after a delay of 15 seconds extended to the east (Henry and Das, 2002).
Some investigations have suggested that the eastern part behaved as an inhomogeneous
barrier that caused some delay in spreading. However, the stress release in the west and
consequently its transformation and increase in the east, was the main reason of the
eastward rupture (Henry and Das, 2002).
In terms of aftershock distributions, they extended 250 km and 50 km away from
the mainshock to the west and to the east, respectively. The greatest concentration of the
aftershocks was located within a zone approximately 25 km updip and nearly 20 km
downdip from the mainshock. Research revealed that the maximum aftershock activity
reached 70 km west and 15 km east of the mainshock. The region started from 130 km
and extended to 210 km west of the hypocenter as a second zone in terms of aftershock
activity. The region between the range of 70 km and 130 km experienced a small number
of aftershocks (Henry and Das, 2002).
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Figure 4.11. Aftershocks region and distribution following the Biak, Indonesia
earthquake in 1996 (Mw = 8.2). The pink and brown points represent the aftershocks
greater than or equal to 4.0 after 10 and 30 days, respectively.
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Figure 4.12. Aftershocks region and distribution after one year following the Biak,
Indonesia earthquake in 1996 (Mw = 8.2). The yellow and red points represent
aftershocks equal to or greater than 4.0 and mc, respectively
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Figure 4.13. Frequency–magnitude distribution for the aftershock sequence one
year after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 6.6.

In analyzing this event, based on the distribution of the earlier aftershocks, a 10and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
aftershock zone (an elliptical region) with radii equal to 2.2 and 1.8 degrees that covers
all possible aftershocks triggered during the one-year period since the mainshock. We
then used this zone to analyze the aftershock sequence following one year after the
mainshock. Figure 4.11 represents the location of the mainshock with a black star and the
spatial distribution of aftershock sequences with magnitude equal to or greater than 4.0
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during a 10 day and a 30 day time window after the mainshock by pink and brown points,
respectively. The yellow points were then plotted in Figure 4.12 representing the
aftershocks having magnitudes equal to or greater than 4.0 (which is lower than the
completeness magnitude of the entire catalog) for a one year time interval, starting after
the mainshock (the red star). Next, to specify the completeness magnitude of the
aftershock sequence of this earthquake in the above-mentioned time interval, we used the
Gutenberg–Richter relationship, which is plotted in Figure 4.13. The estimated
completeness magnitude is 4.3, as shown in Figure 4.13. We then identified those of the
aftershocks that have a magnitude equal to or greater than 4.3 by red points, as exhibited
in Figure 4.12.

Figure 4.14. The depth-magnitude distribution of aftershocks following one year after
the mainshock. The largest aftershocks occurred at the depth of 19 km and 33 km on the
same day of the occurrence of the mainshock.
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Figure 4.13 depicts the Gutenberg–Richter relationship for the aftershock
sequence for one year following the mainshock. The parameters were estimated using the
maximum likelihood estimation method. It was found that the cumulative number of
aftershocks above mb = 4.0 was 406, with the largest aftershocks having a magnitude mb
= 6.5. Using the magnitude cutoff, mc = 4.3, the b-value was estimated to be 1.06 ± 0.14
and the corresponding a-value was 7.03.
We also applied both the Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.13). The largest
detected aftershock had a magnitude of Mw = 6.5, so that using the former law, the
difference between the mainshock and the largest detected aftershock (Bath’s law) was
Δm = 1.7. To calculate the largest inferred aftershock (the green star in Figure 4.13), we
used the obtained b-value and found a magnitude of m* = 6.6, which is consistent with
the data in the sequence. In this case the difference between the mainshock and the
largest inferred aftershock was Δm* = 1.6.
Figure 4.14 reveals that although most aftershocks are located at the same depth
of mainshock, some of them were triggered at a shallow depth near the crust and at a
further depth up to ~ 60 km. In this case, the largest aftershocks occurred at a depth of 19
km and 31 km, on the same day of the occurrence of the mainshock.
The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.15 as a function of time for one year following the mainshock. The magnitude cutoff mc
= 4.3 was used for the calculation. As is evident, unlike some fluctuation that occurred in
the first hours after the mainshock, the aftershocks follow modified Omori’s law properly
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during the whole sequence. The k, c, and p values are k = 54.16 ± 17.26, c = 0.17 ± 0.12
and p = 1.22 ± 0.11, respectively. The rather high p-value might be related to the fact that
the stress at the aftershock area relaxed rapidly and prevented the generation of more
aftershocks. High temperature in the aftershock region could have caused the rapid
decreasing in the stresses.

Figure 4.15. The rate of occurrence of aftershocks for one year after the mainshock.

4.5 The 2000 Papua-New Guinea earthquake (Mw = 7.8)
Active seismicity and complexity in tectonic settings are the main characteristics
of Papua New Guinea. It is located between the convergence boundary of the
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southwestern Pacific plate and the Australian plate. Both left-lateral strike slip and
subduction zone earthquakes have been recorded in this region. Studies show that the
left-lateral motion of the Bismarck plate with respect to the Pacific plate is estimated to
be nearly 130 mm/yr, and has a convergence rate of about 17 mm/yr (Taylor 1979;
Tregoning et al., 1998, 1999; Tregoning et al., 2005).
On 16 November 2000 at 07:42:44 UTC, after about four hours of a Mw = 8.0
left-lateral strike–slip earthquake, a Mw = 7.8 tsunamigenic aftershock occurred on the
New Britain trench, south of New Ireland (5.03º S, 153.17º E). This event was a result of
interplate activity of a subduction zone in which the descending Solomon Sea plate
subducted beneath the overriding Pacific and south Bismarck plate (Tregoning et al.,
2005 and GCMT http://www.globalcmt.org/). The best nodal plane of this earthquake
determined by Global Centroid Moment Tensor (GCMT) comprised an orientation of
strike φ = 70º; dip δ = 75º; rake λ = 89º, and M0 = 6.47 x 1020 N.m. During the following
day, on 17 November 2000 at 21:02:20 UTC, the second greatest thrust aftershock (Mw =
7.8) occurred. This event was triggered again on the New Britain trench nearly 100 km
westward away from the first greatest thrust aftershock (5.26º S, 152.34º E). The
suggested fault plane solution for this event contains an orientation of strike φ =78º; dip δ
= 68º and rake λ =101º (GCMT http://www.globalcmt.org/).
A large number of thrust-type subevents associated with the two aforementioned
greatest aftershocks were located well within the Wadati-Benioff zone of the descending
Solomon Sea plate. (Tregoning et al., 2005). The difference between the mainshock and
the two following greatest aftershocks is not consistent with the value proposed in Bath’s
law. This may be because they occurred on different fault systems (Geist and Parsons,
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2005; Tregoning et al., 2005).
In analyzing this earthquake, based on the distribution of the earlier aftershocks, a
10- and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
aftershock zone (a circle region) with radius equal to 2.2 degrees which encircles all
possible aftershocks triggered during the one year since the mainshock. We then used this
zone to analyze the aftershock sequence following one year after the mainshock. Figure
4.16 illustrates the location of the mainshock by representing it with a black star and the
spatial distribution of aftershock sequences with magnitude equal to or greater than 4.0
during a 10-day and a 30-day time window after the mainshock by pink and brown
points, respectively. We then plotted the yellow points in Figure 4.17 as the aftershocks,
having magnitudes equal to or greater than 4.0 (which is lower than the completeness
magnitude of the entire catalog) for a one-year time interval, starting after the mainshock
(the black star). Next, to specify the completeness magnitude of the aftershock sequence
of this earthquake in the above-mentioned time interval, we used the Gutenberg–Richter
relationship, plotted in Figure 4.18. The estimated completeness magnitude is mc = 4.7,
and is shown in Figure 4.18. We then represented those aftershocks having a magnitude
equal to or greater than 4.7 by red points, as exhibited in Figure 4.17.

82

Figure 4.16. Aftershocks region and distribution following the Papua, New Guinea
earthquake in 2000 (Mw = 7.8). The pink and brown points represent the aftershocks
greater than or equal to 4.0 after 10 and 30 days, respectively.
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Figure 4.17. Aftershocks region and distribution after one year following the Papua,
New Guinea earthquake in 2000 (Mw = 7.8). The yellow and red points represent
aftershocks equal to or greater than 4.0 and mc, respectively.

Figure 4.18 shows the Gutenberg–Richter relationship for the aftershock sequence
for the one-year period following the mainshock. The parameters were estimated using
the maximum likelihood estimation method. It was found that the cumulative number of
aftershocks above mb = 4.0 is 836, with the largest aftershocks having the magnitude M w
= 7.8. Using the body wave magnitude cutoff, mc = 4.7, the b-value was estimated to be
1.01 ± 0.12 and the corresponding a-value was 7.30.
We also applied both the Bath’s law and the process outlined in Shcherbakov and
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Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.18). The largest
recorded aftershock having a magnitude Mw = 7.8, so that using the former law, the
difference between the mainshock and the largest recorded aftershock (Bath’s law) is Δm
= 0.0. This value is not consistent with the Bath’s law, stating that Δm ~ 1.2. This unusual
case is due to the fact that another strong mainshock, which had the same magnitude as
the original mainshock, occurred the day following the original mainshock. To calculate
the largest inferred aftershock (the green star), we used the obtained b-value and found
the magnitude to be m* = 7.2, which is consistent with the data in the sequence. In this
case the difference between the mainshock and the largest inferred aftershock is Δm* =
0.6.

Figure 4.18. Frequency–magnitude distribution for the aftershock sequence one
year after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 7.2.
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Figure 4.19. The depth-magnitude distribution of aftershocks following one year after
the mainshock. The largest aftershock occurred at the depth of 33 km on the days
following the mainshock.

Figure 4.19 depicts that the majority of aftershocks including the largest one
triggered at the depth in the vicinity of the mainshock. Some aftershocks were also
located at further depths and a few of them occurred at more shallow depths. In this case,
the largest aftershock occurred at a depth of 33 km on the day following the mainshock.
The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.20 as a function of time for one year following the mainshock. The magnitude cutoff mc
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= 4.7 was used for the calculation. As is evident, although some large variation occurred
during first day following the mainshock, the aftershocks follow modified Omori’s law
satisfactorily afterward, having some small fluctuations. The k, c, and p values are k =
95.10 ± 41.24, c = 0.59 ± 0.38 and p = 1.23 ± 0.12, respectively. The rather high p-value
might be related the fact that the stress at the aftershock area relaxed rapidly and
prevented the generation of more aftershocks. High temperatures in the aftershock region
could have caused the rapid decreasing in the stress.

Figure 4.20. The rate of occurrence of aftershocks is exhibited for one year after the
mainshock.
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4.6 The 2001 Southern Peru earthquake (Mw = 8.4)
A damaging underthrust earthquake of moment magnitude Mw = 8.4 in the
Southern Peru subduction zone occurred at 20:33:14 UTC on 23 June 2001, due to
descent of the oceanic Nazca plate beneath the South American one. This event occurred
in the epicenter of 16.26º S, 73.64º W at the focal depth of 29.6 km, and generated about
450 aftershocks, including several major ones with the largest one having a M w = 7.5
(Bilek and Ruff, 2002). The nodal plane which represents the orientation of the fault
plane has a strike of 310º, a dip of 23º and a rake of 75º (http://www.globalcmt.org/).
Based upon the aftershocks distribution following the mainshock after three weeks, a
fault area of 32,000 km2 (320 km x 100 km) and a mainshock seismic moment of 5 x 1021
N.m was estimated (Giovanni et al., 2002).
The ruptured segment of the 2001 mega-thrust event was recognized as a seismic
gap, which had previously experienced a great earthquake (M w 8.8 - 9) in 1868.
However, further evidence confirmed that the failed gap in the 2001 earthquake was only
a proportion of the ruptured segment due to the 1868 event (Giovanni et al., 2002). This
implies there is still a considerable seismic gap available that may fail in the future. In
terms of aftershock locations, they were scattered in the northwestern region and
continued further into the southeastern zone of the fault. However, fewer aftershocks that
were small in magnitude were triggered in the central part of the fault (Bilek S.L. and
Ruff, 2002, Giovanni et al., 2002).
In analyzing this earthquake, based on the distribution of the earlier aftershocks, a
10- and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
aftershock zone (an elliptical region) with radii equal to 2.1 and 1.2 degrees which
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surrounds all possible aftershocks triggered during the one-year period since the
mainshock. We then used this zone to analyze the aftershock sequence following one
year after the mainshock. In analyzing this earthquake, based on the distribution of the
aftershocks after 10 and 30 days following the mainshock, we first considered an
elliptical region with radii equal to 2.1 and 1.2 degrees, which surrounds all possible
aftershocks triggered during the one-year period since the mainshock. Figure 4.21
illustrates the location of the mainshock with a black star and the spatial distribution of
aftershock sequences with magnitude equal to or greater than 4.9 during a 10-day and a
30-day time window after the mainshock by pink and brown points, respectively. The
yellow points were then plotted in Figure 4.22 as representing the aftershocks, having
magnitudes equal to or greater than 4.0 (which is lower than the completeness magnitude
of the entire catalog) for a one-year time interval, starting after the mainshock (the black
star). Next, to specify the completeness magnitude of the aftershock sequence of this
earthquake in the above-mentioned time interval, we used the Gutenberg–Richter
relationship, which is plotted in Figure 4.23. The estimated completeness magnitude is mc
= 4.9, as is shown in Figure 4.23. We then represented those aftershocks having a
magnitude equal to or greater than 4.9 by red points, as exhibited in Figure 4.22.
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Figure 4.21. Aftershocks region and distribution following the Peru earthquake in 2001
(Mw = 8.4). The pink and brown points represent the aftershocks greater than or equal to
4.0 after 10 and 30 days, respectively.
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Figure 4.22. Aftershocks region and distribution after one year following the Peru
earthquake in 2001 (Mw = 8.4). The yellow and red points represent aftershocks equal to
or greater than 4.0 and mc, respectively.

Figure 4.23 shows the Gutenberg–Richter relationship for the aftershock sequence
for the one-year period following the mainshock. The parameters were estimated using
the maximum likelihood estimation method. It was found that the cumulative number of
aftershocks above mb = 4.0 is 346, with the largest aftershocks having the magnitude M w
= 7.6. Using the magnitude cutoff, mc = 4.9, the b-value was estimated to be 1.27 ± 0.29
and the corresponding a-value was 8.28.
We also applied both the Bath’s law and the process outlined in Shcherbakov and
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Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.23). The largest
detected aftershock had a magnitude of Mw = 7.6, so that using the former law, gives the
difference between the mainshock and the largest detected aftershock (Bath’s law) as Δm
= 0.8. To calculate the largest inferred aftershock (the green star), we used the obtained bvalue and found a magnitude of m* = 6.5, which is consistent with the data in the
sequence. In this case the difference between the mainshock and the largest inferred
aftershock is Δm* = 1.9.

Figure 4.23. Frequency–magnitude distribution for the aftershock sequence one
year after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 6.5.
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Figure 4.24 presents that the majority of aftershocks, including the large ones
triggered at the depth close to the depth of the mainshock, although a few of them were
triggered further depth. In this case, the largest aftershock and the mainshock occurred at
the depth of 33 km, approximately 14 days after the mainshock.

Figure 4.24. The depth-magnitude distribution of aftershocks following one year after
the mainshock. The largest aftershock occurred at the depth of 33 km about 14 days
following the mainshock.

The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.25 as a function of time for one year following the mainshock. The magnitude cutoff mc
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= 4.9 was used for the calculation. As can been seen, except for some considerable
variation that occurred during a couple of hours following the mainshock, the decay rate
generally followed the modified Omori’s law during about 13 days after the mainshock.
After this period an unusual increase started that resulted in some fluctuations in the
expected trend. This increase might have been due to the largest aftershock (M w = 7.6),
which occurred around 13 days after the mainshock and may have caused more events to
occur. The k, c, and p values are k = 17.25 ± 7.77, c = 0.09 ± 0.12 and p = 1.22 ± 0.16,
respectively. The rather high p-value might be related to the fact that the stress at the
aftershock zone relaxed rapidly and prevented the generation of more aftershocks. High
temperatures in the aftershock region could have caused the rapid decreasing in the stress.

Figure 4.25. The rate of occurrence of aftershocks is exhibited for one year after the
mainshock.
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4.7 The 2004 Sumatra–Andaman earthquake (Mw = 9.0)
There was about a 63-year seismic gap between the 1941 earthquake and the 26
December 2004 event, all of which was preceded by the great earthquakes in 1881 (M ~
7.9), 1907 (M ~ 7.8) and 1941 (M ~ 7.9), occurring in the same rupture zone. There is
therefore a high potential for massive earthquakes along Sumatra in the future (Lay et al.,
2005). The 2004 event was a tremendously destructive earthquake (M w = 9.0) that
ruptured nearly 1300 km of the fault along the Sunda trench of the Sumatra–Andaman
subduction zone, in which the sliding oceanic plate descended beneath the SumatraAndaman Island arcs.
This giant earthquake occurred at 01:01:09 UTC. The Global Centroid Moment
Tensor catalog has placed this event at 3.09º N, 94.26º E with the best nodal plane having
an orientation of strike φ = 329º; dip δ = 8º, rake λ = 110º and the seismic moment of M0
= 4.0 x 1022 N.m (Ammon et al., 2005). The rupture area of this tsunamigenic event was
around 200,000 km2, having a 15-meter maximum fault slip that occurred in the vicinity
of Banda Aceh, Sumatra. The rupture velocity varied between 2.0 and 3.0 km/s.
Additionally, this earthquake generated a strong tsunami initially along a 600 to 800 km
region further north of the epicenter. The initial rupture commenced northwest of the
Simeulue segment and then propagated well along a curved plate boundary of the
Nicobar and the Andaman segments (Lay et al., 2005; Ammon et al., 2005; Deway et al.,
2007; Andrade and Rajendran, 2011).
Following this mega-thrust earthquake all three aforementioned segments became
highly active in terms of triggering aftershocks. At the Simeulue segment of the 26
December mainshock rupture zone, interplate thrust aftershocks occurred and extended to
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the south of the segment, which remained unbroken during the mainshock (Deway et al.,
2007). The Offshore Banda Aceh region, however, experienced fewer interplate thrust
aftershocks, unlike the substantial activity of the interplate thrust aftershocks in the north
and southern end of the Simeulue segment. Research indicates that the Offshore Banda
Aceh might be affected by the mainshock rupture, but due to the strength of the Offshore
Banda Aceh, the stress of the region increased and remained unruptured (Deway et al.,
2007).
Further north, the Nicobar Island and the Andaman Island segments experienced
normal-fault, strike-slip fault, and reverse–fault aftershocks. The triggering of normal–
fault aftershocks near trenches in a subducting lithosphere following a mega-thrust
earthquake can be expected due to the nature of near trench subduction zones (Deway et
al., 2007; Chapple and Forsyth, 1979; Christensen and Ruff, 1988). The strike-slip
aftershocks also presumably are caused by the trenchward subducting of the Ninety EastSumatra Orogen plate beneath the Sumatra–Andaman Island arcs (Deway et al., 2007;
Bergman and Solomon, 1985; Stein and Okal, 1978). The occurrence of near-trench
reverse–fault aftershocks, however, is not a characteristic of the near-trench activity. In
such unusual cases, they are located below the neutral plane of the bending downgoing
slab (Deway et al., 2007; Chapple and Forsyth, 1979). In the Nicobar–Andaman Islands,
however, the reverse-fault aftershocks occurred at shallower depths than the normal–fault
ones. The seismogenic reaction to the interplate convergence close to the trench might be
the cause of these types of events (Deway et al., 2007). Additionally, the boundary of the
Burma plate and Sunda plate, beneath the Andaman Sea, is the result of swarm activity.
In this respect, following the 26 December 2004 mainshock a swarm of normal–faulting
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and strike–slip aftershocks were triggered in the aforementioned region (Deway et al.,
2007; Andrade and Rajendran, 2011).

Figure 4.26. Aftershocks region and distribution following the Sumatra–Andaman
earthquake in 2004 (Mw = 9.1). The pink and brown points represent the aftershocks
greater than or equal to 4.0 after 10 and 30 days, respectively.

In analyzing this earthquake, based on the distribution of the earlier aftershocks, a
10- and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
aftershock zone (an elliptical region) with radii equal to 6.5 and 4.8 degrees which covers
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all possible aftershocks triggered during the one-year period after the mainshock. We
then used this zone to analyze the aftershock sequence following one year after the
mainshock. Figure 4.26 shows the location of the mainshock, represented with a black
star, and the spatial distribution of aftershock sequences with magnitude equal to or
greater than 5.0 during a 10-day and a 30-day time window after the mainshock,
represented by pink and brown points. We then plotted the yellow points in Figure 4.27
as representing the aftershocks, having magnitudes equal to or greater than 4.0 (which is
lower than the completeness magnitude of the entire catalog) for a one-year time interval,
following the mainshock (the black star). Next, to specify the completeness magnitude of
the aftershock sequence of this earthquake in the aforementioned time interval, we used
the Gutenberg–Richter relationship, plotted in Figure 4.28. The estimated completeness
magnitude is 5.0, as is shown in Figure 4.28. We then separated those of the aftershocks
which have a magnitude equal to or greater than 5.0 and represented them with red
points, as exhibited in Figure 4.27, respectively.
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Figure 4.27. Aftershocks region and distribution after one year following the SumatraAndaman earthquake in 2004 (Mw = 9.1). The yellow and red points represent
aftershocks equal to or greater than 4.0 and mc, respectively.

Figure 4.28 depicts the Gutenberg–Richter relationship for the aftershock
sequence for the one-year period following the mainshock. The parameters were
estimated using the maximum likelihood estimation method. It was found that the
cumulative number of aftershocks above mb = 4.0 is 3032, with the largest aftershocks
having the moment magnitude of Mw = 7.2. Using the magnitude cutoff, mc = 5.0, the b-
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value was estimated to be 1.14 ± 0.11 and the corresponding a-value was 8.44.

Figure 4.28. Frequency–magnitude distribution for the aftershock sequence one
year after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 7.4.

We also applied both the Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.28). The largest
recorded aftershock has a magnitude of Mw = 7.2, so that using the former law, the
difference between the mainshock and the largest recorded aftershock (Bath’s law) is Δm
= 1.9 which is not consistent with the law. To calculate the largest inferred aftershock
(the green star), we used the obtained b-value and found a magnitude of m* = 7.4, which
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is consistent with the data in the sequence. In this case the difference between the
mainshock and the largest inferred aftershock is Δm* = 1.7.

Figure 4.29. The depth-magnitude distribution of aftershocks following one year after
the mainshock. The largest aftershocks occurred at the depth of 16 km and 39 km a
couple of hours and nearly 211 days following the mainshock, respectively.

Figure 4.29 illustrates that most of the aftershocks, including the large ones, were
distributed at the depth ± 20 km away from the depth of the mainshock, although a few of
them were scattered in shallower depths and at further depths. In this case, the largest
aftershocks occurred at the depth of 16 km and 39 km, a couple of hours and nearly 211
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days after the mainshock, respectively.
The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.30 as a function of time for one year following the mainshock. The magnitude cutoff mc
= 5.0 was used for the calculation. As the model shows, the decay rate generally follows
the modified Omori’s law during about 62 days after the mainshock, except for some
considerable variation that occurred in the beginning of the sequence. The unusual
increase started then which resulted in some fluctuation in the trend. This increase might
be due to the second largest aftershock (Mw = 6.8), which occurred around 63 days after
the mainshock and have caused in generating more events. The k, c, and p values are k =
65.83 ± 14.87, c = 0.11 ± 0.09 and p = 0.97 ± 0.06, respectively. The three highly active
segments following the mainshock may be the reason that leads to low p-value.
Continuing aftershocks generation has caused delay in relaxation of stress and resulted in
low p-value.
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Figure 4.30. The rate of occurrence of aftershocks is exhibited for one year after the
mainshock.

4.8 The 2005 Sumatra–Nias Islands earthquake (Mw = 8.6)
Three months following of the giant 26 December 2004 earthquake, on 28 March
2005, a mega-thrust earthquake (Mw = 8.6), having an average slip of nearly 6 m,
ruptured around 40,000 km2 area during 120 s. Initially, the rupture extended nearly 100
km to the north of the hypocenter, and after a delay of 40 s, the rupture propagated
approximately 200km to the southeast (Walker et al., 2005). The Nias–Siberut segment
of the Sumatra subduction zone was in effect after this event.
This shallow event occurred at the epicenter of 1.67º N, 97.07º E at 16:10:31
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UTC, where the Indo-Australian plate slipped under the southeastern portion of the
Eurasia plate. The fault plane orientation of this earthquake, determined by the Global
Centroid Moment Tensor (GCMT), contains an orientation of strike φ = 333º, dip δ = 8º,
rake λ = 118º and the moment magnitude of M0 = 1.1 x 1022 N.m (Ammon et al., 2005;
GCMT http://www.globalcmt.org/). Prior to the 28 March 2005 event, several major
earthquakes occurred in the seismogenic zone between Nias–Siberut Islands. Two great
ones, including the moment magnitudes of Mw = 8.8 and Mw = 8.5 also occurred in 1833
and 1861 at the southwest of Siberut Island and in the vicinity of Nias Island, respectively
(Gahalaut and Catherine, 2006; Walker et al., 2005). Unlike the tsunamigenic 26
December 2004 earthquake, this shallow thrust event generated a much weaker tsunami
than expected (Gahalaut and Catherine, 2006).
The focal mechanism of the triggered aftershocks, containing mostly interplate
thrust and normal faulting, were consistent with the mainshock. Following this
mainshock an event of Mw = 6.7 near Siberut Island generated a large number of
aftershocks, of which eight had Mw ≥ 5.5 (Dewey et al., 2007; Engdahl et al., 2007). Yet,
the majority of the seismic gap of the 1833 Sumatra earthquake remained unbroken and is
likely a location of a strong future event (Deway et al., 2007).
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Figure 4.31. Aftershocks region and distribution following the Sumatra–Nias earthquake
in 2005 (Mw = 8.6). The pink and brown points represent the aftershocks greater than or
equal to 4.0 after 10 and 30 days, respectively.

In analyzing this earthquake, based on the distribution of the earlier aftershocks, a
10- and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
aftershock zone (a circle area) with radius equal to 2.8 degrees that encircles all possible
aftershocks triggered during the one-year period following the mainshock. We then used
this zone to analyze the aftershock sequence following one year after the mainshock.
Figure 4.31 represents the spatial distribution of aftershock sequences with magnitude
equal to or greater than 4.0 during a 10-day and a 30-day time window after the
mainshock with pink and brown points, respectively. The yellow points were then plotted
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in Figure 4.32 as the aftershocks, having magnitudes equal to or greater than 4.0 (which
is lower than the completeness magnitude of the entire catalog) for a one-year time
interval, following the mainshock (the red star). Next, to specify the completeness
magnitude of the aftershock sequence of this earthquake in the above-mentioned time
interval, we used the Gutenberg–Richter relationship, plotted in Figure 4.33. The
estimated completeness magnitude is 4.4 and is shown in Figure 4.33. We then separated
the aftershocks which had a magnitude equal to or greater than 4.4 and represented them
with red points, as exhibited in Figure 4.32. Figure 4.32 represents the location of the
mainshock with a black star.

Figure 4.32. Aftershocks region and distribution after one year following the SumatraNias, 2005 (Mw = 8.6). The yellow points and red ones represent aftershocks equal to or
greater than 4.0 and mc, respectively.
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Figure 4.33 illustrates the Gutenberg–Richter relationship for the aftershock
sequence for the one year following the mainshock. The parameters were estimated using
the maximum likelihood estimation method. It was found that the cumulative number of
aftershocks above mb = 4.0 was 1732, with the largest aftershocks having the magnitude
Mw = 6.9. Using the magnitude cutoff, mc = 4.4, the b-value was estimated to be 1.25 ±
0.08 and the corresponding a-value was 8.60.

Figure 4.33. Frequency–magnitude distribution for the aftershock sequence one
year after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 6.8.
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Figure 4.34. The depth-magnitude distribution of aftershocks following one year after
the mainshock. The largest aftershock occurred at the depth of 30 km approximately 51
days following the mainshock.

We also applied both Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.33). The largest
recorded aftershock had a magnitude of Mw = 6.9, and, using Bath’s law, gives the
difference between the mainshock and the largest recorded aftershock as Δm = 1.7 which
is not expected from Bath’s law. To calculate the largest inferred aftershock (the green
star), we used the obtained b-value and found a magnitude of m* = 6.8, which is
consistent with the data in the sequence. In this case the difference between the
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mainshock and the largest inferred aftershock is Δm* = 1.8.
Figure 4.34 shows that the large aftershocks occurred at the depth near to that of
the mainshock. A few aftershocks were scattered near the crust, but some of them were
distributed at depths up to 55 km. The largest aftershock occurred at the depth of 30 km,
nearly 51 days following the mainshock.

Figure 4.35. The rate of occurrence of aftershocks is exhibited for one year after the
mainshock.

The modified Omori law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
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4.35 as a function of time for one year following the mainshock. The magnitude cutoff mc
= 4.4 was used for the calculation. As is evident, unlike some substantial fluctuation that
occurred during the first day after the mainshock, the decay rate generally follows the
modified Omori’s law satisfactorily during the entire sequence. The k,c, and p values are
k = 100.91 ± 17.10, c = 0.11 ± 0.08 and p = 0.84 ± 0.04, respectively. The highly active
Nias-Siberut segment following the mainshock may have caused the noticeably low pvalue. Strong heterogeneity of the aftershocks zone and local stress redistribution are
other possible reasons of such a low p-value.

4.9 The 2006-2007 Kuril Island earthquake (Mw = 8.3)
More often than not, mainshocks are accompanied by some rather small events,
termed as foreshocks and aftershocks. In some infrequent cases, a major earthquake is
followed by another large event relatively close in time and space of the initial one, either
on the proximity of the initial ruptured fault segment or on another fault. This pair of
earthquakes is known as a doublet. One such event is the 2006 - 2007 Kuril earthquakes.
On November 15, 2006 a massive moment magnitude earthquake, M w = 8.3,
ruptured the nearly 250 km seismic gap located in the central Kuril arc with the velocity
of 2.0 km/s, where the downgoing Pacific plate subducted beneath the central Kuril arc.
Preceding this event, starting from late September 2006, a swarm of compressional
foreshocks, of which several had moderate size magnitude (mb ~ 6) occurred in the
vicinity of the trench. The November thrust event caused a rupture which induced a slip
between 4.3 and 6.5 meter along the segment (Ammon et al., 2008, Lay et al, 2009). The
Global Centroid Moment Tensor catalog reported the occurrence of this earthquake at
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11:15:08 UTC and the location of the initial break 46.71º N, 154.33º E at a depth of 13.5
km. The Global Centroid–Moment Tensor (GCMT) solution for this earthquake is a fault,
having an orientation of strike φ = 215º; dip δ = 15º, rake λ = 92º and the released seismic
moment of 4.6 x 1021 N.m. (Ammon et al., 2008, http://www.globalcmt.org/).
Compressional aftershocks (interplate activities) were triggered following this
mega-thrust event and were located well along the arc. Shortly after this massive
underthrust event, normal-faulting mechanism activities commenced to trigger on a band
parallel to the initial one. These intraplate aftershocks, which started in the outer-rise of
descending plate, lengthened more than 200 km along the arc and lasted for two months
(Ammon et al., 2008, Lay et al, 2009).
On 13 January 2007, however, an extensional faulting event of moment
magnitude Mw = 8.1 occurred at 04:23:48 UTC in the outer-rise (epicenter 46.17º N
154.80º E at depth of 12 km) nearly parallel to the zone that ruptured due to the large
November event (http://www.globalcmt.org/).The aforementioned fault ruptured at the
velocity of 3.5 km/s (Ammon et al., 2008). The nodal plane, which is responsible for this
normal faulting earthquake, had a strike of φ = 43º, dip of δ = 59º, rake of λ = -115º and
the released seismic moment of M0 = 1.5 x 1021 N.m (http://www.globalcmt.org/).
In terms of triggered aftershocks, the January event contained less of them than
the November mega-thrust event (Ammon et al., 2008). This outer-rise earthquake was
exceptionally large in comparison with the other massive normal–faulting earthquakes
that have occurred elsewhere. This might be due to the November 2006 massive event.
Consequently, the subducting slab was pulled unhindered into the mantle. This
extensional event stands in third place in terms of the largest recorded normal–faulting
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earthquake since the seismic network installation (Ammon et al., 2008, Lay et al, 2009).
This doublet is located on a seismic gap northeastward of the 1963 compressional
great earthquake rupture zone and southwestward of tsunamigenic 1952 Kamchatka event
(Mw = 9.0) rupture zone. Since the 1915 large shallow event (Mw = 8.0), which occurred
in this seismic gap, no other earthquakes have been seen there prior to the 15 November
2006 earthquake (Ammon et al., 2008, Lay et al, 2009).

Figure 4.36. Aftershocks region and distribution following the Kuril Islands earthquake
in 2006 (Mw = 8.3). The pink and brown points represent the aftershocks greater than or
equal to 4.0 after 30 and 10 days, respectively. The black and bluestars represent the
mainshocks with Mw = 8.3 and Mw = 8.1, respectively.
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Figure 4.37. Aftershocks region and distribution after ~59 days following the Kuril
Islands earthquake in 2006 (Mw = 8.3). The yellow and red points represent the
aftershocks equal to or greater than 4.0 and mc, respectively. The black and blue stars
represent the mainshocks with Mw = 8.3 and Mw = 8.1, respectively.

In analyzing this event, based on the distribution of the earlier aftershocks, a 10and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
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aftershock zone (an elliptical region) with radii equal to 3.0 and 2.4 degrees which
surrounds all possible aftershocks triggered during nearly 59 days after the mainshock
(prior to the occurrence of the Mw = 8.1 event). We then used this zone to analyze the
aftershock sequence following one year after the mainshock. Figure 4.36 represents the
location of the mainshock with a black star, and the spatial distribution of aftershock
sequences with magnitude equal to or greater than 4.0 during a 10-day and a 30-day time
window after the mainshock with pink and brown points, respectively. Additionally, the
blue star shows the location of the earthquake that occurred after approximately 59 days
from the Mw = 8.3. We then plotted the yellow points in Figure 4.37 as the aftershocks,
having magnitudes equal to or greater than 4.0 (which is lower than the completeness
magnitude of the entire catalog) for ~ 59-day time interval following the mainshock (the
blue star). Next, to specify the completeness magnitude of the aftershock sequence of this
earthquake in the above-mentioned time interval, we used the Gutenberg–Richter
relationship, plotted and shown in Figure 4.38. The estimated completeness magnitude is
4.7 and is shown in Figure 4.38. We then separated those of the aftershocks that have a
magnitude equal to or greater than 4.7 and represented them with red points, shown in
Figure 4.37.
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Figure 4.38. Frequency–magnitude distribution for the aftershock sequence ~59 days
after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 6.4.

Figure 4.38 depicts the Gutenberg–Richter relationship for the aftershock
sequence for nearly 59 days following the mainshock. The parameters were estimated
using the maximum likelihood estimation method. It was found that the cumulative
number of aftershocks above mb = 4.0 is 908, with the largest aftershocks having the
magnitude mb = 6.7. Using the magnitude cutoff, mc = 4.7, the b-value was estimated to
be 1.51 ± 0.19 and the corresponding a-value was 9.63. This considerably high b-value
might be due to the normal-faulting aftershock that occurred following the Mw = 8.3
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mainshock. Those normal fault aftershocks were triggered in the outer-rise zone, in
addition to the thrust aftershock activity in the mega-thrust fault zone. Alternatively, the
different type of focal mechanisms of aftershocks on the band parallel to the mega-thrust
zone could have caused such a high b-value.

Figure 4.39. The depth-magnitude distribution of aftershocks following ~59 days after
the mainshock. The largest aftershock occurred at the depth of 10 km in the day of
occurrence of the mainshock.
We performed further analysis to find the b-values of the aftershock sequence for
each parallel zone of aftershocks. The results show that the b-value of the subducting part
is b = 1.46 ± 0.28 and the b-value of the parallel zone located in the outer-rise is b =1.55
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± 0.25. This b-value (1.46) is unusually high for the sequence in the subducting zone of
the slab in which the thrust fault aftershocks were triggered. The reason for this is
unknown and is beyond the scope of this dissertation. The mechanism of some major
aftershocks in the subducting part and in the parallel zone located in the outer-rise was
also reported by the Global Centroid Moment Tensor catalog (GCMT). As is shown in
Tables 4.1 and 4.2, the larger aftershocks triggered in the subducting part and outer-rise
zone have thrust-faulting and normal-faulting mechanisms, respectively.
Date
16/11/2006
18/11/2006
22/11/2006
23/11/2006
23/11/2006
24/11/2006
12/12/2006
13/12/2006
15/12/2006
15/12/2006

Lat.
47.05
46.33
46.16
47.40
47.52
46.63
46.25
46.24
46.35
46.40

Long.
153.70
153.58
153.20
153.37
154.62
152.89
153.20
153.28
153.29
153.30

Mag. (Mw)
5.1
4.8
5.0
4.9
5.5
5.3
5.0
5.0
5.6
5.3

Strike (º)
217
225
227
214
212
224
224
236
225
244

Dip (º)
39
30
34
34
30
34
35
37
27
27

Rake (º)
130
102
96
95
93
103
117
130
102
120

Mechanism
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting
Thrust-faulting

Table 4.1. Fault plane solution of major aftershocks triggered in the subducting part.

Date
16/11/2006
16/11/2006
16/11/2006
16/11/2006
16/11/2006
17/11/2006
22/11/2006
28/11/2006
07/12/2006

Lat.
46.86
46.40
46.39
45.98
46.78
47.06
46.53
46.79
46.24

Long.
155.07
154.68
154.66
153.45
155.14
155.67
154.77
155.72
154.44

Mag. (Mw)
5.0
6.0
5.2
5.1
5.0
5.4
5.2
5.3
6.4

Strike (º)
33
40
32
85
30
56
37
44
57

Dip (º)
44
39
40
42
50
44
31
39
41

Rake (º)
-101
-95
-105
-63
-106
-92
-106
-90
-82

Mechanism
Normal-faulting
Normal-faulting
Normal-faulting
Normal-faulting
Normal-faulting
Normal-faulting
Normal-faulting
Normal-faulting
Normal-faulting

Table 4.2. Fault plane solution of major aftershocks triggered in the outer-rise zone.
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We also applied both Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.38). The largest
recorded aftershock has a magnitude of Mw = 6.7, and, using Bath’s law, gives the
difference between the mainshock and the largest recorded aftershock as Δm = 1.6. To
calculate the largest inferred aftershock (the green star), we used the obtained b-value and
found a magnitude of m* = 6.40, which is consistent with the data in the sequence. In this
case, the difference between the mainshock and the largest inferred aftershock is Δm* =
1.9.

Figure 4.40. The rate of occurrence of aftershocks is exhibited for ~ 59 days after the
mainshock.

Figure 4.39 demonstrates that the large aftershocks occurred at the depth of the
mainshock. The aftershocks reached further depths of up to 35 km. The largest aftershock
occurred at the depth of 10 km in the day of occurrence of the mainshock.
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The modified Omori’s law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.40 as a function of time for approximately 59 days following the mainshock. The
magnitude cutoff mc = 4.7 was used for the calculation. As is evident, unlike some
variation that occurred during the first day following the mainshock, the decay rate
generally follows the modified Omori’s for the entire sequence. The k, c, and p values are
k = 72.82 ± 26.58, c = 0.23 ± 0.19 and p = 1.13 ± 0.15, respectively.

4.10 The 2010 Offshore Maule Chile earthquake (Mw = 8.8)
On 27 February 2010, a mega-thrust earthquake of moment magnitude Mw = 8.8
(at 06:35:14 UTC, with epicentre 35.98º S, 73.15º W in depth of 23.2 km) occurred in
Maule and Bio – Bio region of South - Central Chile, where the oceanic Nazca plate
subducts beneath the overriding South American plate (Lay et al., 2010, Moreno et al.,
2010 and GCMT catalog). The rupture, which extended about 550 km along the trench
with an average velocity of about 2 – 2.5 km/s, induced nearly a 5 m slip over the 81,500
km2 ruptured area (Lay et al., 2010, Kiser et al., 2011). The best nodal plane of this
earthquake determined by Global Centroid Moment Tensor (GCMT) has an orientation
of strike φ = 19º, dip δ = 18º, rake λ = 116º and the released seismic moment of M0 =1.84
x 1022 N.m. (Lay et al., 2010, http://www.globalcmt.org/).
From historic records, in the Andean subduction zone, the return interval for a
great mega-thrust earthquake is about one per a century or more. The 2010 Maule
earthquake occurred in the seismic gap, having released considerable stress accumulated
since 1835 earthquake (Moreno et al., 2010). The distribution of aftershocks shows that
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the regions which experienced three mega-thrust events of 1906, 1928 and 1985 in the
north and an event of 1960 in the south also ruptured in 2010 Maule earthquake (Lay et
al., 2010).

Figure 4.41. Aftershocks region and distribution following the Chile earthquake in 2010
(Mw = 8.8). The pink and brown points represent the aftershocks greater than or equal to
4.0 after 10 and 30 days, respectively.
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Figure 4.42. Aftershocks region and distribution after one year following the Chile
earthquake in 2010 (Mw = 8.8). The yellow and red points represent aftershocks equal to
or greater than 4.0 and mc, respectively.

In analyzing this earthquake, based upon the distribution of the earlier
aftershocks, a 10- and a 30-day time interval with body wave magnitude cutoff 4.0, we
estimated the aftershock zone (an elliptical region) with radii equal to 4.3 and 2.5 degrees
which covers all possible aftershocks triggered during the one-year period following the
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mainshock. We then used this zone to analyze the aftershock sequence following one
year after the mainshock. Figure 4.41 represents the location of the mainshock with a
black star and the spatial distribution of aftershock sequences with magnitude equal to or
greater than 4.0 during a 10-day and a 30-day time window after the mainshock by pink
and brown points, respectively. The yellow points were then plotted in Figure 4.42 as the
aftershocks, having magnitudes equal to or greater than 4.0 (which is lower than the
completeness magnitude of the entire catalog) for a one-year time interval, following the
mainshock (the black star). Next, to specify the completeness magnitude of the aftershock
sequence of this earthquake in the above-mentioned time interval, we used the
Gutenberg–Richter relationship, plotted in Figure 4.43. The estimated completeness
magnitude is 4.7, as is shown in Figure 4.43. We then separated and represented the
aftershocks that have a body wave magnitude equal to or greater than 4.7 with red points,
as exhibited in Figure 4.42.
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Figure 4.43. Frequency – magnitude distribution for the aftershock sequence one year
after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 7.15.

Figure 4.43 illustrates the Gutenberg–Richter relationship for the aftershock
sequence for the one-year period following the mainshock. The parameters were
estimated using the maximum likelihood estimation method.

It was found that the

cumulative number of aftershocks above mb = 4.0 is 1880, with the largest aftershocks
having the magnitude Mw = 7.1. Using the magnitude cutoff, mc = 4.7 the b-value was
estimated to be 1.17 ± 0.09 and the corresponding a-value was 8.42.
We also analyzed the outer-rise zone separately to estimate the b-value of the
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sequence. The result shows that b = 1.31 ± 0.30. This is a sign that the majority of the
aftershocks that were triggered within the outer-rise zone might have normal-faulting
mechanisms. The mechanism of some major aftershocks in the outer-rise zone was also
reported in the Global Centroid Moment Tensor catalog (GCMT). As is shown in Table
4.3, the larger aftershocks triggered in the outer-rise zone have a normal-faulting
mechanism.

Date
01/03/2010
01/03/2010
01/03/2010
01/03/2010
01/03/2010
07/03/2010
08/03/2010
28/06/2010
13/12/2010

Lat.
-34.72
-37.91
-34.57
-34.53
-34.90
-36.17
-34.54
-37.91
-34.07

Long.
-73.88
-74.96
-74.01
-73.96
-74.27
-73.36
-73.97
-75.34
-73.51

Mag. (Mw)
4.9
5.0
5.1
5.2
5.0
5.1
5.1
5.6
5.2

Strike (º)
24
9.0
41
46
32
26
38
41
38

Dip (º)
50
50
40
39
37
21
41
39
28

Rake (º)
-111
-100
-91
-89
-88
-119
-97
-59
-89

Mechanism
Normal - faulting
Normal - faulting
Normal - faulting
Normal - faulting
Normal - faulting
Normal - faulting
Normal - faulting
Normal - faulting
Normal - faulting

Table 4.3. Fault plane solution of major aftershocks triggered in the outer-rise zone.

We also applied both Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.43). The largest
recorded aftershock had a magnitude of Mw = 7.1, and, using Bath’s law, the difference
between the mainshock and the largest recorded aftershock is Δm = 1.7, which is not
consistent with Bath’s law. To calculate the largest inferred aftershock (the green star),
we used the obtained b-value and found a magnitude of m* = 7.2, which is consistent
with the data in the sequence. In this case, the difference between the mainshock and the
largest inferred aftershock is Δm* = 1.6.
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Figure 4.44. The depth-magnitude distribution of aftershocks following one year after
the mainshock. The largest aftershock occurred at the depth of 24 km approximately 310
days following the mainshock.

Figure 4.44 shows that the large aftershocks occurred at the depth near to that of
the mainshock. The majority of the aftershocks are randomly scattered at various depths
of up to approximately 60 km. Some of them also occurred at shallow depths near the
crust. The largest aftershock occurred at the depth of 24 km, around 310 days following
the mainshock.
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Figure 4.45. The rate of occurrence of aftershocks is exhibited for one year after the
mainshock.

The modified Omori law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.45 as a function of time for one year following the mainshock. The magnitude cutoff mc
= 4.7 was used for the calculation. As can been seen, some fluctuation occurred during
the first days following the mainshock. The decay rate then generally follows modified
Omori’s law with the exception of a surge in aftershock activity around 10 days after the
mainshock. The three large aftershocks occurred approximately in day 12, 13, and 16
following the mainshock, having the magnitudes of 6.9, 6.7, and 6.7, respectively. In
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spite of the occurrence of three large aftershocks, no significant deviation of the p-value
from the original Omori law (p =1.0) was observed. The k, c, and p values are k = 122.21
± 26.33, c = 0.21 ± 0.11 and p = 1.07 ± 0.06, respectively. The stress redistribution and
heterogeneity of the aftershocks zone could possibly be the cause of having a p-value
near to unity.

4.11 The 2011 Tohoku, Japan earthquake (Mw = 9.0)
A massive mega-thrust earthquake (Mw = 9.0) occurred on 11 March 2011 as a
result of the Pacific plate subducting beneath Japan, having the rate of descent nearly 8 to
8.5 cm/year (Simons et al., 2011). It is believed that this mainshock occurred at the
convergence boundary of the Pacific plate with two Eurasian and North America plates
(US Geological Survey). The Global Centroid Moment Tensor Catalogue suggested the
occurrence time at 05:47:32 UTC, the epicentre at 37.52º N, 143.05º E, the depth at 20
km, and the nodal plane, which is responsible for this giant earthquake, having a strike of
φ = 203º, dip of δ = 10º, rake of λ = 88º and the released seismic moment of 3.8 x 1022
N.m.
Several historical large earthquakes have occurred in the rupture zone of the
magnitude 9.0 earthquake. The major mega-thrust ones are: 1896 Sanriku (Mw = 8.5),
1938 Fukushima (Mw = 7.8), and 1936 Miyagi (Mw = 7.4). The major normal faulting
historical earthquake is Sanriku in 1933, with a mainshock magnitude of 8.5 (Simons et
al., 2011).
Analysis of this earthquake revealed that segments of the fault experienced
different slips. The maximum displacement occurred at the central section (Miyagi-Oki
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and Fukushima-Oki), having a value of about 40 m (Simons et al., 2011; Iinuma et al.,
2011). The slip at the Sanriku-Oki and Miyagi-Oki coasts were nearly 30 m and 17 m,
respectively. At the Fukushima-Oki and Ibaraki-Oki areas, the displacements occurred at
about 10 m and less than 3 m, respectively (Fujii Yushiro, 2011). The entire fault
contains a slip area of nearly 300 km long along the Japan trench and 150 km wide in the
direction

of

the

down-dip

(United

State

Geological

Survey,

http://earthquake.usgs.gov/earthquakes/eqinthenews/2011/usc0001xgp/#summary).
Prior to this tsunamigenic earthquake, several large foreshocks occurred close to
the epicentre of the Mw = 9.0 earthquake. They started on 9th March with a moment
magnitude of 7.2, occurring 40 km from the 11 March event. Three foreshocks with
magnitudes greater than 6.0 then took place in the same day (USGS).
After the mainshock, the largest aftershock with a magnitude of Mw = 7.9 was
triggered after approximately 30 minutes. This event occurred in the southwest of the
mainshocks in the Ibaraki segment (Simons et al., 2011). The second strongest aftershock
(Mw = 7.2 ) that occurred in the outer-rise at the southern of Sanriku 1933 rupture zone
was a normal faulting earthquake (Lay et al., 2011). Of all aftershocks that were triggered
following this giant mainshock, fourteen had a magnitude greater than 6.0 (USGS,
http://earthquake.usgs.gov/earthquakes/eqinthenews/2011/usc0001xgp/#summary).
In analyzing this earthquake, based on the distribution of the earlier aftershocks, a
10- and a 30-day time interval with body wave magnitude cutoff 4.0, we estimated the
aftershock zone (an elliptical region) with radii equal to 4.8 and 3.3 degrees that
surrounds all possible aftershocks triggered during a 200 day time period following the
mainshock. We then used this zone to analyze the aftershock sequence following one
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year after the mainshock. Figure 4.46 represents the location of the mainshock with a
black star, and the spatial distribution of aftershock sequences with magnitude equal to or
greater than 4.0 during a 10-day and a 30-day time window after the mainshock with pink
and brown points, respectively. We then plotted the yellow points in Figure 4.47
representing the aftershocks, having magnitudes equal to or greater than 4.0 (which is
lower than the completeness magnitude of the entire catalog) for a 200 day time interval,
following the mainshock (the black star). Next, to specify the completeness magnitude of
the aftershock sequence of this earthquake in the above-mentioned time interval, we used
the Gutenberg–Richter relationship, plotted in Figure 4.48. The estimated completeness
magnitude is 4.7, as is shown in Figure 4.48. We then separated those aftershocks having
a magnitude equal to or greater than 4.7 and represented them with red points, as
exhibited in Figure 4.47.
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Figure 4.46. Aftershocks region and distribution following the Japan earthquake in 2011
(Mw = 9.0). The pink and brown points represent the aftershocks greater than or equal to
4.0 after 10 and 30 days, respectively.

Figure 4.48 illustrates the Gutenberg–Richter relationship for the aftershock
sequence for a 200 day time period following the mainshock. The parameters were
estimated using the maximum likelihood estimation method.

It was found that the
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cumulative number of aftershocks above mb = 4.0 is 4204, with the largest aftershocks
having the magnitude Mw = 7.9. Using the magnitude cutoff, mc = 4.7, the b-value was
estimated to be 1.18 ± 0.06, and the corresponding a-value was 8.82.
We also applied both Bath’s law and the process outlined in Shcherbakov and
Turcotte (2004) for the aftershock sequence stated earlier (Figure 4.48). The largest
recorded aftershock has a magnitude of Mw = 7.9, and, using Bath’s law, gives the
difference between the mainshock and the largest recorded aftershock as Δm = 1.1. To
calculate the largest inferred aftershock (the green star), we used the obtained b-value and
found a magnitude of m* = 7.5, which is consistent with the data in the sequence. In this
case the difference between the mainshock and the largest inferred aftershock is Δm* =
1.54.
Figure 4.49 shows that the two largest aftershocks occurred at a depth beyond the
depth of occurrence of the mainshock. Aftershocks were scattered near crust and
extending to depths of nearly 70 km. The largest aftershock occurred at a depth of 48 km,
nearly 30 minutes following the mainshock.
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Figure 4.47. Aftershocks region and distribution after 200 days following the Japan
earthquake in 2011 (Mw = 9.0). The yellow and red points represent aftershocks equal to
or greater than 4.0 and mc, respectively.
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Figure 4.48. Frequency–magnitude distribution for the aftershock sequence 200 days
after the mainshock. The green star shows the magnitude of the largest inferred
aftershock, m* = 7.45.

The modified Omori law parameters were also estimated, using the maximum
likelihood estimation method. The number of aftershocks per unit time is shown in Figure
4.50 as a function of time for 200 days following the mainshock. The magnitude cutoff
mc = 4.7 was used for the calculation. As is evident, unlike some substantial fluctuation
which occurred during a couple of hours after the mainshock, the decay rate generally
follows Omori’s law satisfactorily during the entire sequence. The k, c, and p values are k
= 345.85 ± 60.35, c = 0.39 ± 0.13 and p = 1.07 ± 0.05, respectively.
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Figure 4.49. The depth-magnitude distribution of aftershocks following 200 days after
the mainshock. The largest aftershock occurred at the depth of 48 km approximately 30
minutes following the mainshock.
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Figure 4.50. The rate of occurrence of aftershocks is exhibited for 200 days after the
mainshock.

4.12 Summary of results
This section provides a summary of the results of analyzing 93 subduction zone
earthquakes that occurred in the Circum-Pacific Belt. Tables A1.1 to A1.3 in the
Appendices section show the obtained parameters of the three statistical key laws for 76
subduction zone earthquakes that occurred in the western Pacific regions. The tables
include the date of occurrence of mainshocks, the regions, latitude and longitude of the
mainshock epicenters, magnitude of the mainshocks, the completeness magnitude of
aftershock sequences (mc), time interval of aftershock sequences, the parameters of the
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GR scaling relation: b-values and a-values; the parameters of the modified Omori’s law:
p-values, k-values, c-values, Δm (Bath’s law), and Δm* (the modified Bath’s law). The
western Pacific areas include Alaska and Aleutian Islands, Kurils and Japan, Taiwan and
Phillipines Islands, Indonesia (Sunda arc), Papua-Solomon-New Hebrides Islands
(Vanuatu), and Fiji-Kermadec-Tonga-New Zealand. These regions may be grouped and
labeled as Area 1. For each of the six aforementioned subregions, the b-values and pvalues of different aftershock sequences that occurred as results of subduction zone
earthquakes were averaged. Finally, the average b-value and p-value for the six
subregions were calculated. The results show that the average b-value and p-value for the
entire Area 1 are b = 1.11 ± 0.02 and p = 0.93 ± 0.02.
The validity of the both Bath’s law and the modified Bath’s law were tested by
applying them in two subregions of Japan and Kuril, and in Indonesia, since these areas
experienced a sufficient number of subduction zone earthquakes. For the Kuril and Japan
subregion, the average of the difference in magnitude between the mainshock and largest
recorded aftershock is m = 1.01 and the standard deviation is s m = 0.42. The average
of the difference in magnitude between mainshock and the largest inferred aftershock is

m * = 1.32 and the standard deviation is s m* = 0.34. For the Indonesian subregion
(Sunda arc), the mean difference in magnitude between the mainshock and largest
recorded aftershock is m = 1.25 and the standard deviation is s m = 0.47. The average
of the difference in magnitude between the mainshock and the largest inferred aftershock
is m * = 1.47 and the standard deviation is s m* = 0.23. Thus, the calculations using
both laws result in values that are close to the original value proposed by Bath (~ 1.2).

136
The obtained standard deviations following the modified Bath’s law, however, are less
than the standard deviation using the original Bath’s law. This is especially true in case of
the Indonesian subregion. These results are consistent with the suggestion proposed by
Shcherbakov and Turcotte (2004).
Tables A1.4 to A1.6 also show the obtained parameters of the three statistical key
laws for 17 subduction zone earthquakes that occurred in the eastern Pacific regions. The
tables include the date of occurrence of mainshocks, the regions, latitude and longitude of
the mainshocks, magnitude of the mainshocks (mag.), completeness magnitude of
aftershock sequences (mc), time interval of aftershock sequences, b-values, p-values, kvalues, c-values, Δm (Bath’s law), and Δm* (modified Bath’s law). These areas include Chile, the northwest coasts of South America and Mexico. All these regions can be
grouped and labeled as Area 2. For each of the three aforementioned subregions, the bvalues and p-values of different aftershock sequences that occurred as the results of
subduction zone earthquakes were averaged. Finally, the average b-value and p-value for
the six subregions was calculated. The results show that the average b-value and p-value
for the entire Area 2 are b = 0.99 ± 0.05 and p = 0.98 ± 0.03.
Figures 4.51 to 4.54 are the histograms show the frequency of obtained b- and pvalues in western and eastern Pacific region.
A summary of the obtained average b-values and p-values for the subregions of
Area 1 and Area 2 is shown in Table 4.4. As the table shows, on average, the western
Pacific regions have higher b-values than the eastern Pacific regions.
As mentioned previously, Tsapanos (1990) showed that the average b-values of
western and eastern Pacific regions for a period of 77 years are 1.10 and 0.92,
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respectively. He calculated the b-values of different subregions around the Pacific regions
based on all types of earthquakes (with completeness magnitude of 7.0) that occurred
during a 77-year time interval. In our study we calculated the b-values of the aftershock
sequences following the subduction zone earthquakes that occurred in subregions located
around the Pacific Ocean.

Figure 4.51 The frequency of obtained b-values for the western Pacific region. The red
line shows the average b-values of 76 analyzed aftershock sequences.
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Figure 4.52 The frequency of obtained p-values for the western Pacific region. The red
line shows the average p-values of 76 analyzed aftershock sequences.
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Figure 4.53 The frequency of obtained b-values for the eastern Pacific region. The red
line shows the average b-values of 17 analyzed aftershock sequences.
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Figure 4.54 The frequency of obtained p-values for the eastern Pacific region. The red
line shows the average p-values of 17 analyzed aftershock sequences.

Additionally, as mentioned in chapter 2, Tsapanos (1995) studied the aftershock
sequences during one year following the subduction zone mainshocks and calculated the
associated p-values. These mainshocks occurred around the Pacific Ocean. His obtained
p-values for areas located around western and eastern Pacific Ocean are 0.912 and 0.973,
respectively. As is mentioned, on average, the obtained p-value in our study for eastern
Pacific region is higher than the obtained p-value for western Pacific regions.
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Area 1

Area 2

Subregions
Aleutian Islands
Kuril and Japan
Taiwan and Philippines
Indonesia
Papua-Solomon-Vanuatu
Fiji-Kermadec-TongaNew Zealand
Chile

Avg. b-value
1.10 ± 0.11
1.14 ± 0.04
1.01 ± 0.11
1.12 ± 0.04
1.04 ± 0.06

Avg. p-value
0.94 ± 0.04
0.99 ± 0.02
0.87 ± 0.05
0.90 ± 0.02
0.96 ± 0.04

1.13 ± 0.09

0.85 ± 0.04

0.97 ± 0.05

0.96 ± 0.04

North-west coast of South
America and Mexico

1.05 ± 0.11

1.02 ± 0.06

b-value

p-value

1.11 ± 0.02

0.93 ± 0.01

0.99 ± 0.05

0.98 ± 0.03

Table 4.4 Summary of average b-values and p-values for each subregion, and average bvalues and p-values for Area 1 and Area 2.

4.13 Correlation between obtained values and the magnitude of
mainshocks
This section examines the correlation between the obtained b-value, p-value, Δm,
and Δm* of aftershock sequences of each subregion following the mainshocks with the
magnitude of mainshocks. To study the dependency of the obtained b-values and pvalues on the magnitude of the mainshocks, for each subregion with the exception of
Aleutian-Alaska, the values were plotted versus the magnitude of the mainshocks. For
Japan and Kuril, and the Indonesian subregions, the dependency of the magnitude
differences, Δm and Δm*, on the magnitude of the mainshocks were also plotted. Figures
4.55 to 4.72 show the correlation between each of the aforementioned parameters and
magnitude of the mainshocks.

4.13.1 Japan and Kuril subregion
In the case of the Japan and Kuril subregion, the correlation coefficient between
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b-values and the magnitude of the mainshocks was found to be R = 0.13, which signifies
a weak positive correlation. Additionally, the coefficient of determination (R2) of a linear
regression between b-values and the magnitude of the mainshocks is R2 = 0.018,
indicating that 1.8 % of the variation in data values is explained by the regression line.
(Figure 4.55).
Figure 4.56 shows that there is generally a lower margin of error in obtaining the
p-values for larger magnitude mainshocks. This reflects the fact that larger mainshocks
produce more aftershocks, which results in lower errors in the estimated parameters. The
correlation coefficient between p-values and the magnitude of the mainshocks was found
to be R = 0.10, which signifies a weak positive correlation. Additionally, the coefficient
of determination (R2) of a linear regression between p-values and the magnitude of the
mainshocks is R2 = 0.010, indicating that 1.0 % of the variation in data values is
determined by the regression line.
In most cases, the magnitude of the largest inferred aftershock is less than the
magnitude of the largest detected aftershock (Figure 4.57). Figure 4.58 also indicates that
a positive correlation between Δm and Δm*. In this case, the correlation coefficient (R)
and the coefficient of determination (R2) were found to be 0.61 and 0.19, respectively.
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Figure 4.55. Dependency of b-value on the magnitude of the mainshocks in the Japan
and Kuril subregion. The red line is a regression line that shows fit to the data points.
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Figure 4.56. Dependency of p-value on the magnitude of the mainshocks in the Japan
and Kuril subregion. The red line is a regression line that shows fit to the data points.
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Figure 4.57. Variation of the magnitude differences with respect to the magnitude of the
mainshocks. Blue squares represent Δm, and red circles represent Δm*.
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Figure 4.58. Dependency of Δm and Δm* in the Japan and Kuril subregion. The red line
is a regression line that shows fit to the data points.

4.13.2 Indonesian subregion
In the Indonesian subregion, as the magnitude of the mainshock increases,
generally the error margin in estimating b-values decreases (Figure 4.59). The correlation
coefficient between b-values and the magnitude of the mainshocks was found to be
R = - 0.13, which signifies a weak negative correlation. Additionally, the coefficient of
determination (R2) of a linear regression between b-values and the magnitude of the
mainshocks is R2 = 0.018, indicating that 1.8 % of the variation in data values is
explained by the regression line.
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Likewise, in estimating p-values there is a positive trend to have a lower error
margin as the magnitude of the mainshocks increases (Figure 4.60). The correlation
coefficient between p-values and the magnitude of the mainshocks was found to be R =
0.17, which signifies a weak positive correlation. Additionally, the coefficient of
determination (R2) of a linear regression between p-values and the magnitude of the
mainshocks is R2 = 0.03, indicating that 3.0 % of the variation in data values is
determined by the regression line.
As in case of the Kuril and Japan subregion, in most cases the difference
between the magnitude of mainshocks and the largest recorded aftershock is less than the
difference between the magnitude of mainshocks and the largest inferred aftershock
(Figure 4.61). Figure 4.62 also implies that a positive correlation is available between Δm
and Δm*. In this case, the correlation coefficient (R) and the coefficient of determination
(R2) were found to be 0.75 and 0.39, respectively.
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Figure 4.59. Dependency of b-value on the magnitude of the mainshocks in the
Indonesian subregion. The red line is a regression line that shows fit to the data points.
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Figure 4.60. Dependency of p-value on the magnitude of the mainshocks in the
Indonesian subregion. The red line is a regression line that shows fit to the data points.
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Figure 4.61. Variation of the magnitude differences with respect to the magnitude of the
mainshocks. Blue squares represent Δm, and red circles represent Δm*.
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Figure 4.62. Dependency of Δm and Δm* in the Indonesian subregion. The red line is a
regression line that shows fit to the data points.

4.13.3 Taiwan and Philippines Islands subregion
In estimating the b-values for the Taiwan and Philippines Islands, the correlation
coefficient between b-values and the magnitude of the mainshocks was found to be
R = - 0.37, which signifies a weak negative correlation. Additionally, the coefficient of
determination (R2) of a linear regression between b-values and the magnitude of the
mainshocks is R2 = 0.13, indicating that 13 % of the variation in data values is explained
by the regression line (Figure 4.63).
The correlation coefficient between p-values and the magnitude of the
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mainshocks was found to be R = 0.13, which signifies a weak positive correlation.
Additionally, the coefficient of determination (R2) of a linear regression between p-values
and the magnitude of the mainshocks is R2 = 0.01, indicating that 1.0 % of the variation
in data values is determined by the regression line (Figure 4.64).

Figure 4.63. Dependency of b-value on the magnitude of the mainshocks in the TaiwanPhilippines subregion. The red line is a regression line that shows fit to the data points.
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Figure 4.64. Dependency of p-value on the magnitude of the mainshocks in the TaiwanPhilippines subregion. The red line is a regression line that shows fit to the data points.

4.13.4 Papua-Solomon-New Hebrides Islands (Vanuatu) subregion
In estimating b-values for the Papua-Solomon-New Hebrides Islands (Vanuatu)
subregion, the correlation coefficient between b-values and the magnitude of the
mainshocks was found to be R = - 0.26, which signifies a weak negative correlation.
Additionally, the coefficient of determination (R2) of a linear regression between b-values
and the magnitude of the mainshocks is R2 = 0.07, indicating that 7 % of the variation in
data values is explained by the regression line (Figure 4.65).
The margin of error was generally lower in estimating p-values (Figure 4.66). The
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correlation coefficient between p-values and the magnitude of the mainshocks was found
to be R = 0.31, which signifies a weak positive correlation. Additionally, the coefficient
of determination (R2) of a linear regression between p-values and the magnitude of the
mainshocks is R2 = 0.10, indicating that 10 % of the variation in data values is
determined by the regression line.

Figure 4.65. Dependency of b-value on the magnitude of the mainshocks in the PapuaSolomon-Vanuatu subregion. The red line is a regression line that shows fit to the data
points.
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Figure 4.66. Dependency of p-value on the magnitude of the mainshocks in the PapuaSolomon-Vanuatu subregion. The red line is a regression line that shows fit to the data
points.

4.13.5 Fiji-Kermadec-Tonga-New Zealand subregion
In estimating b-values for this region, the correlation coefficient between b-values
and the magnitude of the mainshocks was found to be R = - 0.09, which signifies a weak
negative correlation. Additionally, the coefficient of determination (R2) of a linear
regression between b-values and the magnitude of the mainshocks is R2 = 0.009,
indicating that almost none of the variation in the data is explained by the regression line
(Figure 4.67).
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The correlation coefficient between p-values and the magnitude of the
mainshocks was found to be R = - 0.04, which signifies a weak negative correlation.
Additionally, the coefficient of determination (R2) of a linear regression between p-values
and the magnitude of the mainshocks is R2 = 0.0018, indicating that almost none of the
variation in the data is determined by the regression line (Figure 4.68).

Figure 4.67. Dependency of b-value on the magnitude of the mainshocks in the FijiKermadec-Tonga-Newzealand subregion. The red line is a regression line that shows fit
to the data points.
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Figure 4.68. Dependency of p-value on the magnitude of the mainshocks in the FijiKermadec-Tonga-Newzealand subregion. The red line is a regression line that shows fit
to the data points.

4.13.6 Chilean subregion
In estimating b-values for the Chilean subregion, the correlation coefficient
between b-values and the magnitude of the mainshocks was found to be R = 0.24, which
signifies a weak positive correlation. Additionally, the coefficient of determination (R2)
of a linear regression between b-values and the magnitude of the mainshocks is R2 = 0.06,
indicating that 6 % of the variation in data values is explained by the regression line
(Figure 4.69).
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The correlation coefficient between p-values and the magnitude of the
mainshocks was found to be R = 0.21, which signifies a weak positive correlation.
Additionally, the coefficient of determination (R2) of a linear regression between p-values
and the magnitude of the mainshocks is R2 = 0.04, indicating that 4 % of the variation in
data values is determined by the regression line (Figure 4.70).

Figure 4.69. Dependency of b-value on the magnitude of the mainshocks in the Chilean
subregion. The red line is a regression line that shows fit to the data points.
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Figure 4.70. Dependency of p-value on the magnitude of the mainshocks in the Chilean
subregion. The red line is a regression line that shows fit to the data points.

4.13.7 Peruvian-Colombian subregion
In estimating b-values for the Peruvian-Colombian subregion, the correlation
coefficient between b-values and the magnitude of the mainshocks was found to be
R = - 0.01, which signifies a weak negative correlation. Additionally, the coefficient of
determination (R2) of a linear regression between b-values and the magnitude of the
mainshocks is R2 = 0.0003, indicating that almost none of the variation in the data is
determined by the regression line (Figure 4.71).
The correlation coefficient between p-values and the magnitude of the
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mainshocks was found to be R = 0.77, which signifies a strong positive correlation.
Additionally, the coefficient of determination (R2) of a linear regression between p-values
and the magnitude of the mainshocks is R2 = 0.59, indicating that 59 % of the variation in
data values is determined by the regression line (Figure 4.72).

Figure 4.71. Dependency of b-value on the magnitude of the mainshocks in the
Peruvian-Colombian subregion. The red line is a regression line that shows fit to the data
points.
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Figure 4.72. Dependency of p-value on the magnitude of the mainshocks in the
Peruvian-Colombian subregion. The red line is a regression line that shows fit to the data
points.

4.14 Summary of the results of analyzing 15 subduction zone
earthquakes in New Zealand
The 15 shallow subduction zone earthquakes with mainshock magnitudes greater
than 6.0 were analyzed and the results can be seen in Tables A1.7 to A1.9 in the
appendix.

These

earthquakes

were

detected

by

local

dense

networks

(http://magma.geonet.org.nz/resources/quakesearch/), so that a sufficient number of
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aftershocks were available to better estimate the parameters of the Gutenberg-Richter law
and the modified Omori’s law. There were more earthquakes with magnitudes equal to or
greater than 6.0 available in the local catalog. Some of these were not mega-thrust
earthquakes and some were strike-slip earthquakes. Both cases were excluded from the
analysis of aftershock sequences. In each case a 365-day time interval was taken for
aftershock sequences.
The average b-value and average p-value of these 15 subduction zone earthquakes
was calculated. The results show that the average b-value and p-value are b = 1.01 and p
= 0.95 respectively.
The validity of the both Bath’s law and modified Bath’s law were tested and
applied with respect to the data for New Zealand. The average of the difference in
magnitude between the mainshock and largest recorded aftershock was m = 0.97 and
the standard deviation was s m = 0.50. The average of the difference in magnitude
between the mainshock and the largest inferred aftershock was m * = 0.75 and the
standard deviation was s m* = 0.51. In this case the values of standard deviation
estimated by both laws are nearly equal.

4.15 Dependence of the parameters of aftershock sequences in New
Zealand on the magnitudes of their corresponding mainshocks
The dependency of the obtained b-values and p-values on the magnitude of the
mainshocks was studied. Figures 4.73 to 4.77 show the correlation between each of the
aforementioned parameters and the magnitudes of the mainshocks. As is expected, the
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errors of estimating both the b-values and p-values in light of a local catalog are much
less than errors of estimating b- and p-values using a global catalog (Figures 4.73 and
4.74).
The correlation coefficient between b-values and the magnitude of the
mainshocks was found to be R= - 0.25, which signifies a weak negative correlation.
Additionally, the coefficient of determination (R2) of a linear regression between b-values
and the magnitude of the mainshocks is R2 = 0.06, indicating that 6 % of the variation in
data values is determined by the regression line (Figure 4.73).
The correlation coefficient between p-values and the magnitude of the
mainshocks was found to be R = - 0.34, which signifies a strong positive correlation.
Additionally, the coefficient of determination (R2) of a linear regression between p-values
and the magnitude of the mainshocks is R2 = 0.12, indicating that 12 % of the variation in
data values is determined by the regression line (Figure 4.74).
Figure 4.75 shows that in most cases the magnitude of the largest inferred
aftershock is higher than the magnitude of the largest detected aftershock. Figure 4.76
also indicates that a strong positive correlation exists between Δm and Δm*. In this case,
the correlation coefficient (R) and the coefficient of determination (R2) were found to be
0.92 and 0.84, respectively.
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Figure 4.73. Dependency of b-value on the magnitude of the mainshocks in New
Zealand. The red line is a regression line that shows fit to the data points.

165

Figure 4.74. Dependency of p-value on the magnitude of the mainshocks in New
Zealand. The red line is a regression line that shows fit to the data points.
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Figure 4.75. Variation of the magnitude differences with respect to the magnitude of the
mainshocks. Blue squares represent Δm, and red circles represent Δm*.
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Figure 4.76. Dependency of Δm* versus Δm in New Zealand. The red line is a regression
line that shows fit to the data points.

4.16 Analysis of the dependence of the parameters of the aftershock
sequences on the magnitude of their corresponding mainshocks for all
sequences studied
Figures 4.77 and 4.78 show the variation in b-value with magnitude and variation
in p-value with magnitude for all 93 mainshocks, respectively. As can been seen, there is
no significant change in b-value with an increase in magnitude. The correlation
coefficient (R) between b-values and the magnitude of the mainshocks was found to be R
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= 0.01, which signifies almost none of the variation in the data is determined by the
regression line. Additionally, the coefficient of determination (R2) of a linear regression
between b-values and the magnitude of the mainshocks is R2 = 0.00002, indicating that
almost none of the variation in data values is explained by the regression line.
However, there is an increasing trend in p-value with an increase in magnitude.
The correlation coefficient between p-values and the magnitude of the mainshocks was
found to be R = 0.17, which signifies a weak positive correlation. Additionally, the
coefficient of determination (R2) of a linear regression between p-values and the
magnitude of the mainshocks is R2 = 0.03, indicating that only 3 % of the variation in
data values is determined by the regression line.
In both cases a linear least square fitting has been carried out to find the variation
trend.
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Figure 4.77. Variation in b-value with magnitude m for all 93 subduction zone
mainshocks.

170

Figure 4.78. Variation in p-value with magnitude m for all 93 subduction zone
mainshocks.

4.17 Partitioning of energy
There is an empirical relationship between the seismic energy radiated from an
earthquake and the corresponding moment magnitude. The energy released by an
earthquake can be measured in terms of moment magnitude m (Utsu, 2002; Shcherbakov
and Turcotte, 2004) as follows:
3
log 10 [ E (m)]  m  log 10 E 0
2

(4.1)

where E 0  6.310 4 J . The equation (4.1) can be used to calculate the seismic energy
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radiated from the mainshock Ems in terms of the moment magnitude of the mainshock mms
(Shcherbakov and Turcotte, 2004) as follows:

E ms  E0 10

3
mms
2

(4.2)

and the total released seismic energy in the aftershock sequence can be obtained
(Shcherbakov and Turcotte, 2004) as follows:
3

( mms  m * )
2b
E as 
E 0 10 2
(3  2b)

(4.3)

where b is the slope of cumulative number of aftershocks that are modeled by GutenbergRichter law, and Δm* is the difference in magnitude between the mainshock and the
inferred largest aftershock. Following (Shcherbakov and Turcotte, 2004) the ratio of the
total released energy due to the aftershocks to the released energy due to the mainshock
can be achieved by dividing the equation (4.2) into the equation (4.3) as follows:
3 *
m
E as
2b

10 2
E ms 3  2b

(4.4)

Following the equation (4.4), the ratio of the radiated energy due to the
aftershocks to the total radiated energy due to the aftershocks and the mainshock is
obtained (Shcherbakov and Turcotte, 2004) as follows:
E as

E ms  E as

1
3

3  2b 2  m *
1
10
2b

(4.5)

This equation was applied for each mainshock-aftershock sequence of the
subregions Indonesia, Japan-Kuril, Philippines-Taiwan, Papua-Solomon-Vanuatu, and
Fiji-Kermadec-Tonga –Newzealand. Figures 4.79 to 4.83 show the correlation between
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the fraction of the total radiated energy due to the aftershocks and the difference in
magnitude between the mainshock and the largest inferred aftershock (Δm*). The four
plotted lines are associated with b = 0.8, 1.0, 1.2, and 1.4. In order to check the accuracy
of the equation (4.5), the values of Δm* were obtained from the equation (4.5) by using
the b-value estimated from GR scale for each mainshock-aftershock sequence. As is
shown in corresponding figures, the calculated Δm* are plotted as open squares. The
values of Δm* obtained from extrapolation of the GR model are also plotted as open
circles to compare with the open squares. As is evident, the two calculated Δm* values
for each mainshock-aftershock sequence are nearly the same within error margins.
These plots suggest that a large proportion of the seismic energy is released by the
occurrence of a mainshock. However, only a small proportion of the seismic energy is
released during occurrence of the aftershock sequence. Equation (4.5) states that
increasing Δm* decreases the amount of energy that goes to the aftershock sequence.
Additionally, it can be concluded from the modified Bath’s law that the proportion of the
radiated energy used for increasing the stress that causes an aftershock sequence
following the mainshock to the energy released in the mainshock is almost constant and
independent of the magnitude size of the mainshock.
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Figure 4.79. The relation of the fraction of the total radiated energy due to the
aftershocks on the difference between the magnitude of the mainshock and the greatest
inferred aftershock (Δm*). The squares and circles represent the energy radiated versus
Δm* estimated from energy partitioning and GR scaling, respectively, for the 20 large
Indonesia earthquakes. Each pair of square and circle having the same color in the same
level of fraction of the total radiated energy due to the aftershocks show the Δm*
calculated from the two aforementioned estimation methods.
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Figure 4.80. The relation of the fraction of the total radiated energy due to the
aftershocks on the difference between the magnitude of mainshock and the greatest
inferred aftershock (Δm*). The squares and circles represent the energy radiated versus
Δm* estimated from energy partitioning and GR scaling, respectively, for the 16 large
Japan-Kuril earthquakes. Each pair of square and circle having the same color in the
same level of fraction of the total radiated energy due to the aftershocks show the Δm*
calculated from the two aforementioned estimation methods.
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Figure 4.81. The relation of the fraction of the total radiated energy due to the
aftershocks on the difference between the magnitude of mainshock and the greatest
inferred aftershock (Δm*). The squares and circles represent the energy radiated versus
Δm* estimated from energy partitioning and GR scaling, respectively, for the 10 large
Philippines-Taiwan earthquakes. Each pair of square and circle having the same color in
the same level of fraction of the total radiated energy due to the aftershocks show the
Δm* calculated from the two aforementioned estimation methods.
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Figure 4.82. The relation of the fraction of the total radiated energy due to the
aftershocks on the difference between the magnitude of mainshock and the greatest
inferred aftershock (Δm*). The squares and circles represent the energy radiated versus
Δm* estimated from energy partitioning and GR scaling, respectively, for the 15 large
Papua-Solomon-Vanuatu earthquakes. Each pair of square and circle having the same
color in the same level of fraction of the total radiated energy due to the aftershocks show
the Δm* calculated from the two aforementioned estimation methods.
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Figure 4.83. The relation of the fraction of the total radiated energy due to the
aftershocks on the difference between the magnitude of mainshock and the greatest
inferred aftershock (Δm*). The squares and circles represent the energy radiated versus
Δm* estimated from energy partitioning and GR scaling, respectively, for the 10 large
Fiji-Kermadec-Tonga –Newzealand earthquakes. Each pair of square and circle having
the same color in the same level of fraction of the total radiated energy due to the
aftershocks show the Δm* calculated from the two aforementioned estimation methods.
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Chapter 5
Discussion and Conclusions

179
This dissertation analyzed the aftershock sequences of large subduction zone
earthquakes that occurred around the Circum-Pacific Belt from 1973 to present. The
obtained statistical parameters of the three key empirical laws for different tectonic areas
provide prominent information about the seismogenic structure of regions located around
Pacific Ocean.
We compared the average b- and p-values of eastern and western Pacific regions
by analyzing 93 aftershock sequences distributed over the subduction zones. Using
National Earthquake Information Catalog (NEIC), the results indicate that the average bvalue of western Pacific areas is greater than the average b-value of eastern Pacific areas.
Additionally, the results show that the average p-value of eastern Pacific regions is higher
than the average p-value of western Pacific regions. As was shown in Chapter 4, there is
no increasing trend in b-value with an increase in magnitude of the mainshocks. An
increasing trend in p-value, however, was found with an increase in magnitude of the
mainshocks.
One interpretation of the different estimated b- and p- values of eastern and
western Pacific regions can be related to the geological regions that hosted the aftershock
sequences following the mainshocks. Western Pacific subducting lithospheres (Mariana
type subduction zone) are older than the subducting lithospheres of the eastern Pacific
(Chilean type subduction zone) and have steeper dipping slabs. In western Pacific
regions, lower compression stress exists on the interface of subducting and overriding
plates compared to the eastern Pacific subduction zones. In other words, weak coupling
exists between the subducting and overriding plates. Consequently, western Pacific
subduction zones have a more heterogeneous interface between a subducting lithosphere
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and an overriding slab. This heterogeneity results in generating relatively small
magnitude aftershocks following a large subduction zone mainshock and a higher b-value
while analyzing the sequence. A more homogeneous interface, however, exists in eastern
Pacific regions between a subducting plate and an overriding plate. This homogeneity is
the result of strong coupling between a subducting an overriding plates. Therefore,
relatively large proportion of large magnitude aftershocks is generated following a large
subduction zone mainshock resulting in a lower b-value in the sequence.
The lower compression stress that exists between a subducting lithosphere and an
overriding slab in western Pacific subduction zones also results in a lower p-value. That
is, western Pacific subduction zones that have more heterogeneous materials on the
interface of a subducting plate and an overriding plate result in slower dying off of the
aftershocks following a large subduction zone earthquake. The eastern Pacific subduction
zones, however, have more homogeneous characteristics on the interface of a subducting
plate and an overriding plate, so that triggered aftershocks die off faster (higher p-value).
There are other interpretations that might explain the difference of b- and p-values
in different tectonic settings of the Pacific Ocean. As we showed in chapter 4, the
aftershock sequences that experienced normal faulting aftershocks result in estimated
higher b-values. This can be explained by the fact that a weak coupling exists between
two plates that are responsible for generating the lower magnitude aftershocks and
consequently estimating a higher b-value in the sequence. Additionally, it was found that
the aftershocks that were triggered within the trench and outer-rise might have normal
faulting characteristics, as the lithosphere in this region is being stretched during
triggering the aftershocks and the estimated b-value of this region is relatively high. The
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stress redistribution following a mainshock and the areas that have already experienced
earthquakes also affect the b-value in an aftershock sequence. The diffusion of
aftershocks as a result of stress redistribution induced by a mainshock and the slip rate of
area during the mainshock may influence the p-value.
It is hoped that this research can make a valuable contribution to the study of
subduction zones in order to estimate the parameters of the three empirical laws for the
aftershock sequences. Five main conclusions may be drawn from this study:
1- On average, the western Pacific regions have higher b-values than the eastern
Pacific regions estimated in aftershock sequences following the large subduction
zone mainshocks. One possible explanation can be that the subduction zones in
the western Pacific regions, on average, are weakly coupled compared to the
eastern Pacific regions.
2- The western Pacific regions, however, have on average a lower p-value than the
eastern Pacific regions estimated in aftershock sequences following the large
subduction zone mainshocks. This means that in the western Pacific regions the
rate of the occurrence of aftershocks decays more gradually.
3- An analysis of the 93 aftershock sequences shows that there is no significant
change in b-values with an increase in magnitude.
4- An analysis of the 93 aftershock sequences shows that there is a positive
correlation between p-values and magnitude.
5- The relatively higher b-values for the sequences of aftershocks triggered between
a trench and the outer-rise indicates that the type of faulting might be normal, as
the lithosphere in this region is being stretched following the mainshock.
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APPENDICES

APPENDIX I

The obtained parameters of the three statistical key
laws for 93 subduction zone earthquakes that occurred
in the western and eastern Pacific regions and around
New Zealand

199
Western Pacific
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Date
07/05/1986
10/06/1996
17/11/2003
14/06/2005
19/12/2007
04/10/1994
03/12/1995
15/11/2006
15/01/2009
12/06/1978
12/07/1993
28/12/1994
25/09/2003
31/10/2003
05/09/2004
23/10/2004
28/11/2004
16/08/2005
13/06/2008
26/02/2010
11/03/2011
16/08/1976
01/01/2001
05/03/2002
03/03/2008
23/07/2010
30/09/2007
03/05/1998
20/09/1999
31/03/2002
26/12/2006
19/08/1977
12/12/1992
03/06/1994
01/01/1996
17/02/1996
04/06/2000
02/11/2002
26/12/2004
28/03/2005
17/07/2006
12/09/2007
20/02/2008
25/02/2008
16/11/2008
11/02/2009

Region
Andreanof
Andreanof
Rat
Rat
Andreanof
Kuril
Kuril
Kuril
Kuril
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Philippines
Philippines
Philippines
Philippines
Philippines
Mariana
Taiwan
Taiwan
Taiwan
Taiwan
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia

Lat.(º)
51.52 N
51.56 N
51.15 N
51.24 N
51.36 N
43.77 N
44.66 N
46.59 N
46.86 N
38.19 N
42.85 N
40.53 N
41.81 N
37.81 N
33.18 N
37.23 N
43.01 N
38.28 N
39.03 N
25.93 N
38.30 N
6.26 N
6.90 N
6.03 N
13.35 N
6.49 N
10.45 N
22.31 N
23.77 N
24.28 N
21.80 N
11.09 S
8.48 S
10.48 S
0.73 N
0.89 S
4.72 S
2.82 N
3.30 N
2.09 N
9.28 S
4.44 S
2.77 N
2.49 S
1.27 N
3.89 N

Long.(º)
174.78 W
177.63 W
178.65 E
179.31 E
179.51 W
147.32 E
149.30 E
153.27 E
155.15 E
142.03 E
139.20 E
143.42 E
143.91 E
142.62 E
137.07 E
138.78 E
145.12 E
142.04 E
140.88 E
128.43 E
142.37 E
124.02 E
126.58 E
124.25 E
125.63 E
123.47 E
145.72 E
125.31 E
120.98 E
122.18 E
121.55 E
118.46 E
121.90 E
112.83 E
119.93 E
136.95 E
102.09 E
96.08 E
95.98 E
97.11 E
107.42 E
101.37 E
95.96 E
99.97 E
122.09 E
126.39 E

Mag.
8.0
7.9
7.8
6.8
7.2
8.3
7.9
8.3
7.4
7.7
7.7
7.8
8.3
7.0
7.4
6.6
7.0
7.2
6.9
7.0
9.0
7.9
7.5
7.5
6.9
7.6
6.9
7.5
7.7
7.1
7.1
8.0
7.8
7.8
7.9
8.2
7.9
7.4
9.1
8.6
7.7
8.5
7.4
7.2
7.4
7.2

mc
4.7
4.9
4.4
4.4
4.6
4.7
4.7
4.6
4.5
4.7
4.6
5.0
4.8
4.6
4.4
4.2
4.3
4.2
4.2
4.6
4.7
5.0
5.0
6.3
4.5
4.7
4.7
4.3
4.8
4.5
4.4
5.4
5.0
5.3
4.7
4.3
4.6
4.7
5.0
4.4
4.8
5.0
4.8
4.5
4.3
4.5

b-value
1.18 +/- 0.19
1.12 +/- 0.33
1.25 +/- 0.27
1.13 +/- 0.49
0.80 +/- 0.26
1.13 +/- 0.12
1.04 +/- 0.17
1.51 +/- 0.19
1.19 +/- 0.51
1.30 +/- 0.56
1.17 +/- 0.33
1.01 +/- 0.28
0.98 +/- 0.21
1.28 +/- 0.50
1.36 +/- 0.42
0.82 +/- 0.21
1.05 +/- 0.32
0.68 +/- 0.24
1.38 +/- 0.40
1.29 +/- 0.47
1.18 +/- 0.06
1.09 +/- 0.32
1.11 +/- 0.63
1.18 +/- 0.32
1.40 +/- 0.48
0.84 +/- 0.36
1.14 +/- 0.62
0.90 +/- 0.49
0.96 +/- 0.21
0.98 +/- 0.32
0.89 +/- 0.33
1.41 +/- 0.70
1.48 +/- 0.60
1.45 +/- 0.53
0.87 +/- 0.26
1.06 +/- 0.14
1.12 +/- 0.15
1.34 +/- 0.58
1.14 +/- 0.11
1.25 +/- 0.08
1.48 +/- 0.25
0.87 +/- 0.11
1.47 +/- 0.61
0.87 +/- 0.40
0.87 +/- 0.41
1.34 +/- 0.41

p-value
0.92 +/- 0.07
0.95 +/- 0.13
1.18 +/- 0.14
0.88 +/- 0.18
0.89 +/- 0.13
1.01 +/- 0.07
0.98 +/- 0.08
1.13 +/- 0.15
0.85 +/- 0.28
0.83 +/- 0.23
1.13 +/- 0.13
0.90 +/- 0.13
0.83 +/- 0.10
0.89 +/- 0.28
1.13 +/- 0.21
1.08 +/- 0.14
0.63 +/- 0.14
0.96 +/- 0.80
1.11 +/- 0.17
0.83 +/- 0.22
1.07 +/- 0.05
1.00 +/- 0.19
1.02 +/- 0.34
0.89 +/- 0.14
0.79 +/- 0.11
0.96 +/- 0.17
0.92 +/- 0.30
0.93 +/- 0.28
0.88 +/- 0.10
1.27 +/- 4.48
0.75 +/- 0.16
0.94 +/- 0.21
1.07 +/- 0.23
0.97 +/- 0.33
0.86 +/- 0.52
1.22 +/- 0.11
0.89 +/- 0.09
0.85 +/- 0.19
0.95 +/- 0.06
0.84 +/- 0.04
1.39 +/- 0.18
0.85 +/- 0.08
0.75 +/- 0.20
0.77 +/- 0.22
0.83 +/- 0.23
1.08 +/- 0.59

200
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

11/08/2009
02/09/2009
06/04/2010
12/06/2010
25/10/2010
17/07/1998
16/11/2000
09/09/2005
03/01/2009
18/07/2010
20/07/1975
01/04/2007
03/01/2010
28/12/1973
06/02/1999
02/01/2002
25/03/2007
02/09/2007
09/04/2008
07/10/2009
14/10/1997
09/12/2007
14/01/1976
29/09/2008
22/06/1977
09/03/1994
03/05/2006
29/09/2009
21/08/2003
30/09/2007

Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Papua
Papua
Papua
Papua
Papua
Solomon
Solomon
Solomon
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Fiji
Fiji
Kermadec
Kermadec
Tonga
Tonga
Tonga
Tonga
New zealand
New zealand

14.10 N
7.78 S
2.38 N
7.88 N
3.49 S
2.96 S
5.23 S
4.54 S
0.41 S
5.93 S
6.59 S
8.47 S
8.80 S
14.46 S
12.85 S
17.60 S
20.62 S
11.61 S
20.07 S
12.52 S
22.10 S
26.00 S
28.43 S
29.76 S
22.88 S
18.04 S
20.19 S
15.49 S
45.10 S
49.27 S

92.90 E
107.30 E
97.05 E
91.94 E
100.08 E
141.93 E
153.10 E
153.47 E
132.88 E
150.59 E
155.05 E
157.04 E
157.35 E
166.60 E
166.70 E
167.86 E
169.36 E
165.76 E
168.89 E
166.38 E
176.77 W
177.51 W
177.66 E
177.68 W
175.90 W
178.41 W
174.12 W
172.10 W
167.14 E
164.12 E

7.5
7.0
7.8
7.5
7.8
7.0
7.8
7.6
7.7
7.3
7.9
8.1
7.1
7.8
7.3
7.2
7.1
7.2
7.3
7.8
7.8
7.8
8.2
7.0
8.0
7.6
8.0
8.1
7.2
7.4

4.8
4.9
4.4
4.5
4.9
4.4
4.7
4.7
4.9
5.0
5.3
4.6
4.9
5.0
4.8
5.2
4.9
5.0
4.6
5.0
4.6
4.5
5.0
4.7
4.9
4.5
4.6
4.8
4.3
4.6

1.13 +/- 0.52
1.28 +/- 0.95
0.98 +/- 0.23
1.17 +/- 0.41
1.47 +/- 0.52
1.33 +/- 0.47
1.01 +/- 0.12
1.46 +/- 0.42
1.37 +/- 0.36
1.13 +/- 0.40
1.19 +/- 0.35
1.0 +/- 0.13
1.12 +/- 0.39
0.85 +/- 0.28
1.32 +/- 0.97
1.38 +/- 0.65
1.02 +/- 0.27
1.19 +/- 0.55
0.92 +/- 0.21
1.09 +/- 0.23
1.28 +/- 0.54
1.03 +/- 0.47
0.93 +/- 0.20
1.44 +/- 0.43
1.41 +/- 0.70
0.96 +/- 0.31
1.25 +/- 0.21
1.25 +/- 0.19
1.16 +/- 0.27
0.88 +/- 0.45

0.63 +/- 0.43
0.78 +/- 0.32
0.85 +/- 0.15
1.0 +/- 0.26
0.97 +/- 0.25
0.93 +/- 0.15
1.23 +/- 0.12
0.56 +/- 0.19
0.96 +/- 0.11
0.72 +/- 0.28
0.83 +/- 0.15
1.22 +/- 0.11
1.18 +/- 0.40
0.90 +/- 0.16
0.74 +/- 1.11
0.81 +/- 0.22
0.85 +/- 2.45
0.78 +/- 0.22
0.83 +/- 0.12
0.95 +/- 0.11
0.75 +/- 0.21
0.71 +/- 0.24
0.76 +/- 0.12
0.58 +/- 0.30
0.73 +/- 0.71
0.52 +/- 0.19
0.90 +/- 0.11
0.90 +/- 0.06
0.97 +/- 0.14
1.28 +/- 0.51

Table A1.1 Mainshocks that occurred in the western Pacific regions. The b-value and pvalue are the obtained Gutenberg-Richter law and Omori law parameters, respectively,
for each aftershock sequence. For time intervals of each sequence see Table A1.2.

Western Pacific
No.
1
2
3
4
5
6

Date
07/05/1986
10/06/1996
17/11/2003
14/06/2005
19/12/2007
04/10/1994

Region
Andreanof
Andreanof
Rat
Rat
Andreanof
Kuril

Mag.
8.0
7.9
7.8
6.8
7.2
8.3

Mc
4.7
4.9
4.4
4.4
4.6
4.7

Time Intrvl. (day)
365
365
365
365
365
365

k-value
18.78 +/- 4.46
5.56 +/- 2.27
16.33 +/- 6.11
2.29 +/- 1.39
3.94 +/- 1.70
53.83 +/- 13.43

c-value
0.007 +/- 0.017
0.0001 +/- 0.02
0.060 +/- 0.07
0.0001 +/- 0.02
0.0001 +/- 0.01
0.10 +/- 0.09

201
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

03/12/1995
15/11/2006
15/01/2009
12/06/1978
12/07/1993
28/12/1994
25/09/2003
31/10/2003
05/09/2004
23/10/2004
28/11/2004
16/08/2005
13/06/2008
26/02/2010
11/03/2011
16/08/1976
01/01/2001
05/03/2002
03/03/2008
23/07/2010
30/09/2007
03/05/1998
20/09/1999
31/03/2002
26/12/2006
19/08/1977
12/12/1992
03/06/1994
01/01/1996
17/02/1996
04/06/2000
02/11/2002
26/12/2004
28/03/2005
17/07/2006
12/09/2007
20/02/2008
25/02/2008
16/11/2008
11/02/2009
11/08/2009
02/09/2009
06/04/2010
12/06/2010
25/10/2010
17/07/1998
16/11/2000
09/09/2005

Kuril
Kuril
Kuril
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Philippines
Philippines
Philippines
Philippines
Philippines
Mariana
Taiwan
Taiwan
Taiwan
Taiwan
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Papua
Papua
Papua

7.9
8.3
7.4
7.7
7.7
7.8
8.3
7.0
7.4
6.6
7.0
7.2
6.9
7.0
9.0
7.9
7.5
7.5
6.9
7.6
6.9
7.5
7.7
7.1
7.1
8.0
7.8
7.8
7.9
8.2
7.9
7.4
9.1
8.6
7.7
8.5
7.4
7.2
7.4
7.2
7.5
7.0
7.8
7.5
7.8
7.0
7.8
7.6

4.7
4.6
4.5
4.9
4.6
5.0
4.8
4.6
4.4
4.2
4.3
4.2
4.2
4.6
4.7
5.0
5.0
6.3
4.5
4.7
4.7
4.3
4.8
4.5
4.4
5.4
5.0
5.3
4.7
4.3
4.6
4.7
5.0
4.4
4.8
5.0
4.8
4.5
4.3
4.5
4.8
4.9
4.4
4.5
4.9
4.4
4.7
4.7

365
59
365
365
365
365
365
365
365
365
365
365
365
365
200
365
365
365
365
365
365
365
365
365
365
365
365
365
200
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
328
365
365
365

18.70 +/- 4.62
72.82 +/- 26.58
2.68 +/- 2.79
2.32 +/- 1.99
8.89 +/- 3.98
6.29 +/- 2.95
9.04 +/- 3.33
3.70 +/- 3.84
7.44 +/- 3.86
8.90 +/- 3.46
2.51 +/- 1.50
10.01 +/- 40.27
6.98 +/- 2.65
3.36 +/- 2.80
345.85 +/- 60.35
7.97 +/- 5.30
2.09 +/- 2.24
6.43 +/- 3.01
3.57 +/- 1.89
2.63 +/- 1.37
1.90 +/- 1.56
1.83 +/- 1.52
9.04 +/- 3.38
157.4 +/- 4503.5
2.42 +/- 1.51
13.51 +/- 11.64
4.04 +/- 2.70
6.34 +/- 5.20
3.49 +/- 7.23
54.16 +/- 17.26
28.11 +/- 9.67
2.34 +/- 1.51
65.83 +/- 14.87
100.91 +/- 17.10
54.32 +/- 28.11
30.15 +/- 9.53
2.01 +/- 1.54
1.69 +/- 1.39
1.91 +/- 1.61
37.29 +/- 343.10
1.08 +/- 2.11
0.66 +/- 0.77
25.97 +/- 2502.1
5.87 +/- 5.47
5.52 +/- 4.68
3.92 +/- 1.92
95.10 +/- 41.24
2.26 +/- 1.85

0.011 +/- 0.02
0.23 +/- 0.19
0.0001 +/- 0.48
0.0001 +/- 0.18
0.031 +/- 0.066
0.016 +/- 0.059
0.008 +/- 0.03
0.0001 +/- 0.63
0.044 +/- 0.088
0.024 +/- 0.04
0.0001 +/- 0.02
7.93 +/- 28.92
0.01 +/- 0.02
0.071 +/- 0.30
0.39 +/- 0.13
0.11 +/- 0.26
0.0001 +/- 0.25
0.008 +/- 0.06
0.0001 +/- 0.03
0.0001 +/- 0.01
0.0001 +/- 0.08
0.0001 +/- 0.08
0.011 +/- 0.040
107.3 +/- 707.6
0.0001 +/- 0.03
0.59 +/- 1.15
0.034 +/- 0.10
0.0001 +/- 0.32
0.88 +/- 4.02
0.17 +/- 0.12
0.13 +/- 0.17
0.0001 +/- 0.03
0.11 +/- 0.09
0.11 +/- 0.08
0.37 +/- 0.28
0.12 +/- 0.16
0.0001 +/- 0.08
0.0001 +/- 0.08
0.0001 +/- 0.11
36.40 +/- 145.9
0.02 +/- 4.29
0.0001 +/- 0.05
354.7 +/- 8901
0.19 +/- 0.55
0.12 +/- 0.39
0.0001 +/- 0.02
0.59 +/- 0.38
0.0001 +/- 0.46

202
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

03/01/2009
18/07/2010
20/07/1975
01/04/2007
03/01/2010
28/12/1973
06/02/1999
02/01/2002
25/03/2007
02/09/2007
09/04/2008
07/10/2009
14/10/1997
09/12/2007
14/01/1976
29/09/2008
22/06/1977
09/03/1994
03/05/2006
29/09/2009
21/08/2003

Papua
Papua
Solomon
Solomon
Solomon
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Fiji
Fiji
Kermadec
Kermadec
Tonga
Tonga
Tonga
Tonga
New Zealand

7.7
7.3
7.9
8.1
7.1
7.8
7.3
7.2
7.1
7.2
7.3
7.8
7.8
7.8
8.2
7.0
8.0
7.6
8.0
8.1
7.2

4.9
5.0
5.3
4.6
4.9
5.0
4.8
5.2
4.9
5.0
4.6
5.0
4.6
4.5
5.0
4.7
4.9
4.5
4.6
4.8
4.3

365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
100
365
365
365
365

7.08 +/- 2.46
2.78 +/- 3.29
4.91 +/- 2.78
65.31 +/- 22.64
10.99 +/- 14.51
4.58 +/- 2.55
0.84 +/- 4.5
2.09 +/- 1.40
21.3 +/- 322.84
2.73 +/- 2.37
7.64 +/- 3.30
12.35 +/- 4.38
1.88 +/- 1.53
1.52 +/- 1.45
7.59 +/- 5.55
7.70 +/- 1740.63
2.38 +/- 6.09
1.54 +/- 1.30
18.58 +/- 7.81
18.99 +/- 4.24
11.59 +/- 5.58

0.001 +/- 0.015
0.0001 +/- 1.45
0.0001 +/- 2.10
0.26 +/- 0.17
0.58 +/- 1.21
0.0001 +/- 0.07
0.0001 +/- 30.4
0.0001 +/- 0.03
73.24 +/- 457.0
0.029 +/- 0.31
0.013 +/- 0.06
0.026 +/- 0.052
0.0001 +/- 0.10
0.0001 +/- 0.18
0.0001 +/- 0.11
499.9 +/- 33933
0.50 +/- 5.33
0.0001 +/- 0.20
0.11 +/- 0.20
0.0034+/- 0.012
0.076 /- 0.14

76

30/09/2007

New Zealand

7.4

4.6

365

4.56 +/- 6.39

0.24 +/- 0.66

Table A1.2 Mainshocks that occurred in the western Pacific regions. The k-value and cvalue are the obtained Omori law parameters for each aftershock sequence.

Western Pacific
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Date
07/05/1986
10/06/1996
17/11/2003
14/06/2005
19/12/2007
04/10/1994
03/12/1995
15/11/2006
15/01/2009
12/06/1978
12/07/1993
28/12/1994
25/09/2003
31/10/2003
05/09/2004
23/10/2004

Region
Andreanof
Andreanof
Rat
Rat
Andreanof
Kuril
Kuril
Kuril
Kuril
Japan
Japan
Japan
Japan
Japan
Japan
Japan

Mag.
8.0
7.9
7.8
6.8
7.2
8.3
7.9
8.3
7.4
7.7
7.7
7.8
8.3
7.0
7.4
6.6

Mc
4.7
4.9
4.4
4.4
4.6
4.7
4.7
4.6
4.5
4.9
4.6
5.0
4.8
4.6
4.4
4.2

Time Intrvl. (day)
365
365
365
365
365
365
365
59
365
365
365
365
365
365
365
365

Δm
1.4
0.6
2.0
1.2
0.6
1.0
0.7
1.6
1.4
1.4
1.2
0.8
0.9
1.1
0.8
0.3

Δm*
1.3
1.4
1.7
1.1
0.5
1.3
1.0
1.9
1.7
1.7
1.5
1.0
1.4
1.2
1.7
1.0

203
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

28/11/2004
16/08/2005
13/06/2008
26/02/2010
11/03/2011
16/08/1976
01/01/2001
05/03/2002
03/03/2008
23/07/2010
30/09/2007
03/05/1998
20/09/1999
31/03/2002
26/12/2006
19/08/1977
12/12/1992
03/06/1994
01/01/1996
17/02/1996
04/06/2000
02/11/2002
26/12/2004
28/03/2005
17/07/2006
12/09/2007
20/02/2008
25/02/2008
16/11/2008
11/02/2009
11/08/2009
02/09/2009
06/04/2010
12/06/2010
25/10/2010
17/07/1998
16/11/2000
09/09/2005
03/01/2009
18/07/2010
20/07/1975
01/04/2007
03/01/2010
28/12/1973
06/02/1999
02/01/2002
25/03/2007
02/09/2007

Japan
Japan
Japan
Japan
Japan
Philippines
Philippines
Philippines
Philippines
Philippines
Mariana
Taiwan
Taiwan
Taiwan
Taiwan
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Indonesia
Papua
Papua
Papua
Papua
Papua
Solomon
Solomon
Solomon
Vanuatu
Vanuatu
Vanuatu
Vanuatu
Vanuatu

7.0
7.2
6.9
7.0
9.0
7.9
7.5
7.5
6.9
7.6
6.9
7.5
7.7
7.1
7.1
8.0
7.8
7.8
7.9
8.2
7.9
7.4
9.1
8.6
7.7
8.5
7.4
7.2
7.4
7.2
7.5
7.0
7.8
7.5
7.8
7.0
7.8
7.6
7.7
7.3
7.9
8.1
7.1
7.8
7.3
7.2
7.1
7.2

4.3
4.2
4.2
4.6
4.7
5.0
5.0
6.3
4.5
4.7
4.7
4.3
4.8
4.5
4.4
5.4
5.0
5.3
4.7
4.3
4.6
4.7
5.0
4.4
4.8
5.0
4.8
4.5
4.3
4.5
4.8
4.9
4.4
4.5
4.9
4.4
4.7
4.7
4.9
5.0
5.3
4.6
4.9
5.0
4.8
5.2
4.9
5.0

365
365
365
365
200
365
365
365
365
365
365
365
365
365
365
365
365
365
200
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
328
365
365
365
365
365
365
365
365
365
365
365
365
365

0.2
0.7
1.4
1.6
1.1
1.1
0.7
1.2
1.2
0.2
1.2
1.2
0.9
0.9
0.2
1.3
1.7
1.2
1.3
1.7
0.5
1.1
1.9
1.7
1.6
0.6
1.1
0.5
1.7
1.1
0.8
1.1
0.6
2.0
1.5
1.1
0.0
1.8
0.3
0.3
0.2
1.2
0.3
0.6
1.6
0.6
0.2
0.6

1.0
0.6
1.4
1.2
1.5
1.3
1.4
1.5
1.4
1.2
1.1
1.8
0.8
0.9
0.9
1.3
1.8
1.4
1.6
1.6
1.1
1.6
1.7
1.8
1.4
1.0
1.6
1.1
1.5
1.4
1.5
1.3
1.3
1.6
1.8
1.4
0.6
1.7
1.4
0.9
1.1
1.0
0.7
0.8
1.7
1.0
0.4
1.0
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65
66
67
68
69
70
71
72
73
74
75
76

09/04/2008
07/10/2009
14/10/1997
09/12/2007
14/01/1976
29/09/2008
22/06/1977
09/03/1994
03/05/2006
29/09/2009
21/08/2003
30/09/2007

Vanuatu
Vanuatu
Fiji
Fiji
Kermadec
Kermadec
Tonga
Tonga
Tonga
Tonga
New Zealand
New Zealand

7.3
7.8
7.8
7.8
8.2
7.0
8.0
7.6
8.0
8.1
7.2
7.4

4.6
5.0
4.6
4.5
5.0
4.7
4.9
4.5
4.6
4.8
4.3
4.6

365
365
365
365
365
365
100
365
365
365
365
365

0.9
0.4
1.9
1.8
1.4
1.0
2.4
1.6
2.0
1.8
0.8
0.8

0.6
0.9
2.0
1.9
1.0
1.1
2.2
1.3
1.6
1.4
1.2
1.3

Table A1.3 Mainshocks that occurred in the western Pacific regions. Δm is the difference
in magnitude between the mainshock and the largest detected aftershock, and Δm* is the
difference in magnitude between the mainshock and the largest inferred aftershock.

Eastern Pacific (Chile, Peru, Colombia, and Mexico)
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Date
03/03/1985
30/07/1995
15/10/1997
14/11/2007
18/12/2008
13/11/2009
27/02/2010
03/10/1974
16/02/1979
21/02/1996
23/06/2001
15/08/2007
13/07/1974
12/12/1979
19/09/1985
09/10/1995
22/01/2003

Region
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Peru
Peru
Peru
Peru
Peru
Colombia
Colombia
Mexico
Mexico
Mexico

Lat.(º)
33.13 S
23.34 S
30.93 S
22.25 S
32.46 S
19.39 S
36.12 S
12.27 S
16.39 S
9.99 S
16.26 S
13.39 S
7.75 N
1.6 N
18.19 N
19.06 N
18.77 N

Long.(º)
71.87 W
70.29 W
71.22 W
69.89 W
71.73 W
70.32 W
72.9 W
77.79 W
72.66 W
79.59 W
73.64 W
76.6 W
77.69 W
79.36 W
102.53 W
104.21 W
104.10 W

Mag.
7.8
8.0
7.1
7.7
6.2
6.5
8.8
7.6
6.9
7.5
8.4
8.0
7.3
8.1
8.0
8.0
7.6

mc
4.5
4.5
4.6
4.8
4.4
4.4
4.7
4.8
4.5
4.4
4.9
4.5
4.8
4.6
4.9
4.3
4.1

b-value
0.74 +/- 0.13
0.88 +/-0.20
1.38 +/- 0.30
0.91 +/- 0.27
0.75 +/- 0.15
0.95 +/- 0.59
1.17 +/- 0.09
1.05 +/- 0.56
1.07 +/- 0.66
1.26 +/- 0.57
1.27 +/- 0.29
0.91 +/- 0.21
1.28 +/- 0.42
1.32 +/- 0.35
0.90 +/- 0.51
0.74 +/- 0.30
1.22 +/- 0.53

p-value
0.85 +/- 0.10
1.19 +/- 0.16
0.55 +/- 0.12
1.09 +/- 0.19
1.08 +/- 0.38
1.13 +/- 8.81
1.07 +/- 0.06
0.85 +/- 0.25
1.05 +/- 4.37
0.96 +/- 0.23
1.23 +/- 0.16
1.07 +/- 0.13
1.03 +/- 0.16
1.12 +/- 0.26
0.75 +/- 84.44
0.81 +/- 0.22
0.75 +/- 0.25

Table A1.4 Mainshocks that occurred in the eastern Pacific regions. The b-values and pvalues are the obtained Gutenberg-Richter law and Omori law parameters, respectively,
for each aftershock sequence. For the time interval of each sequence see Table A1.5.
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Eastern Pacific (Chile, Peru, Colombia, and Mexico)
No.
1
2
3
4
5
6

Date
03/03/1985
30/07/1995
15/10/1997
14/11/2007
18/12/2008
13/11/2009

Region
Chile
Chile
Chile
Chile
Chile
Chile

Mag.
7.8
8.0
7.1
7.7
6.2
6.5

mc
4.5
4.5
4.6
4.8
4.4
4.4

Time Intrvl. (day)
365
365
365
365
365
365

k-value
14.57 +/- 5.66
16.26 +/-7.09
3.74 +/- 1.97
8.19 +/- 4.69
2.75 +/- 1.56
11.91 +/- 674.9

c-value
0.034 +/- 0.12
0.086 +/- 0.10
0.0001 +/- 0.08
0.066 +/- 0.14
0.0001 +/- 0.024
112.4+/- 1804.9

7
8
9
10
11
12
13
14
15
16
17

27/02/2010
03/10/1974
16/02/1979
21/02/1996
23/06/2001
15/08/2007
13/07/1974
12/12/1979
19/09/1985
09/10/1995
22/01/2003

Chile
Peru
Peru
Peru
Peru
Peru
Colombia
Colombia
Mexico
Mexico
Mexico

8.8
7.6
6.9
7.5
8.4
8.0
7.3
8.1
8.0
8.0
7.6

4.7
4.8
4.5
4.4
4.9
4.5
4.8
4.6
4.9
4.3
4.1

365
365
365
365
365
365
365
365
365
365
365

122.21 +/- 26.3
1.59 +/- 1.28
8.76 +/- 214.61
2.69 +/- 1.80
17.25 +/- 7.77
12.51 +/- 4.73
5.32 +/- 2.46
16.35+/- 15.81
0.90 +/- 0.51
2.65 +/- 2.18
2.51 +/- 1.82

0.21 +/- 0.11
0.0001 +/- 0.055
36.33 +/- 358.64
0.0001 +/- 0.062
0.096 +/- 0.12
0.032 +/- 0.059
0.009 +/- 0.037
0.63 +/- 1.03
0.75 +/- 84.44
0.0001 +/- 0.19
0.0001 +/- 0.09

Table A1.5 Mainshocks that occurred in the eastern Pacific regions. The k-value and cvalue are the obtained Omori law parameters for each aftershock sequence.
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Eastern Pacific (Chile, Peru, Colombia, and Mexico)
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Date
03/03/1985
30/07/1995
15/10/1997
14/11/2007
18/12/2008
13/11/2009
27/02/2010
03/10/1974
16/02/1979
21/02/1996
23/06/2001
15/08/2007
13/07/1974
12/12/1979
19/09/1985
09/10/1995
22/01/2003

Region
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Peru
Peru
Peru
Peru
Peru
Colombia
Colombia
Mexico
Mexico
Mexico

Mag.
7.8
8.0
7.1
7.7
6.2
6.5
8.8
7.6
6.9
7.5
8.4
8.0
7.3
8.1
8.0
8.0
7.6

mc
4.5
4.5
4.6
4.8
4.4
4.4
4.7
4.8
4.5
4.4
4.9
4.5
4.8
4.6
4.9
4.3
4.1

Time Intrvl. (day)
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365
365

Δm
0.3
0.4
0.5
1.0
0.2
0.3
1.9
0.4
1.7
2.1
0.8
1.6
0.8
2.3
0.4
1.6
1.7

Δm*
0.3
1.2
1.3
0.9
0.3
0.9
1.6
1.7
1.3
2.0
1.9
1.3
1.3
2.1
1.7
1.7
2.3

Table A1.6 Mainshocks that occurred in the eastern Pacific regions. Δm is the difference
in magnitude between the mainshock and the largest detected aftershock, and Δm* is the
difference in magnitude between the mainshock and the largest inferred aftershock.
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New Zealand
No.

Date

Lat.(º)

Long.(º)

Mag.

mc

b-value

p-value

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

24/05/1960
04/05/1976
12/10/1979
13/05/1990
21/06/1992
10/08/1993
15/12/1994
02/05/1995
01/11/2000
21/10/2001
21/08/2003
22/11/2004
15/10/2007
20/12/2007
15/07/2009

44.17 S
44.67 S
46.70 S
40.43 S
37.58 S
38.53 S
37.20 S
37.65 S
45.12 S
36.89 S
45.19 S
46.61 S
44.72 S
38.88 S
46.07 S

167.72 E
167.38 E
166.03 E
176.47 E
176.87 E
177.91 E
177.53 E
179.45 E
166.95 E
179.86 E
166.83 E
165.32 E
167.3 E
178.49 E
165.75 E

6.30
6.55
6.48
6.25
6.14
6.28
6.01
6.99
6.23
6.29
6.99
7.13
6.67
6.87
6.08

4.3
4.2
3.9
2.6
3.1
3.1
3.8
3.8
2.6
3.5
3.0
3.1
2.6
3.1
3.1

1.47 +/- 0.39
1.30 +/-0.55
1.10 +/- 0.21
0.94 +/- 0.06
1.06 +/- 0.11
1.16 +/- 0.23
1.18 +/- 0.18
0.97 +/- 0.05
0.90 +/- 0.10
0.95 +/- 0.26
0.86 +/- 0.04
0.89 +/- 0.23
0.74 +/- 0.08
1.08 +/- 0.17
0.68 +/- 0.04

1.13 +/- 0.17
0.93 +/- 0.18
0.96 +/- 0.095
0.78 +/- 0.03
1.21 +/- 0.08
0.83 +/- 0.07
1.26 +/- 0.14
1.56 +/- 0.09
0.82 +/- 0.04
1.02 +/- 0.19
1.05 +/- 0.03
0.47 +/- 0.16
0.72 +/- 0.08
0.50 +/- 0.10
1.00 +/- 0.04

Table A1.7. Mainshocks that occurred in New Zealand. The b-value and p-value are the
obtained using the Gutenberg-Richter law and Omori law parameters, respectively, for
each aftershock sequence.
New Zealand
No.

Date

Lat.(º)

Long.(º)

Mag.

mc

k-value

c-value

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

24/05/1960
04/05/1976
12/10/1979
13/05/1990
21/06/1992
10/08/1993
15/12/1994
02/05/1995
01/11/2000
21/10/2001
21/08/2003
22/11/2004
15/10/2007
20/12/2007
15/07/2009

44.17 S
44.67 S
46.70 S
40.43 S
37.58 S
38.53 S
37.20 S
37.65 S
45.12 S
36.89 S
45.19 S
46.61 S
44.72 S
38.88 S
46.07 S

167.72 E
167.38 E
166.03 E
176.47 E
176.87 E
177.91 E
177.53 E
179.45 E
166.95 E
179.86 E
166.83 E
165.32 E
167.3 E
178.49 E
165.75 E

6.30
6.55
6.48
6.25
6.14
6.28
6.01
6.99
6.23
6.29
6.99
7.13
6.67
6.87
6.08

4.3
4.2
3.9
2.6
3.1
3.1
3.8
3.8
2.6
3.5
3.0
3.1
2.6
3.1
3.1

9.16 +/- 4.28
2.09 +/-1.20
12.88 +/- 3.83
61.63 +/- 7.61
58.62 +/- 12.36
8.45 +/- 2.31
47.30 +/- 20.96
870.45 +/- 225.12
27.14 +/- 4.58
8.83 +/- 5.58
290.65 +/- 30.37
1.64 +/- 1.20
21.69 +/- 7.49
5.31 +/- 2.48
162.68 +/- 22.74

0.039 +/- 0.080
0.0001 +/- 0.01
0.012 +/- 0.02
0.004 +/- 0.006
0.07 +/- 0.04
0.0001 +/- 0.003
0.28 +/- 0.23
1.06 +/- 0.27
0.001 +/- 0.004
0.11 +/- 0.23
0.10 +/- 0.03
0.0001 +/- 0.07
0.11 +/- 0.23
0.0001 +/- 0.17
0.11 +/- 0.05

Table A1.8. Mainshocks that occurred in New Zealand. The k-values and c-values are the
obtained Omori law parameters for each aftershock sequence.
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New Zealand
No.

Date

Lat.(º)

Long.(º)

Mag.

mc

Δm

Δm*

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

24/05/1960
04/05/1976
12/10/1979
13/05/1990
21/06/1992
10/08/1993
15/12/1994
02/05/1995
01/11/2000
21/10/2001
21/08/2003
22/11/2004
15/10/2007
20/12/2007
15/07/2009

44.17 S
44.67 S
46.70 S
40.43 S
37.58 S
38.53 S
37.20 S
37.65 S
45.12 S
36.89 S
45.19 S
46.61 S
44.72 S
38.88 S
46.07 S

167.72 E
167.38 E
166.03 E
176.47 E
176.87 E
177.91 E
177.53 E
179.45 E
166.95 E
179.86 E
166.83 E
165.32 E
167.3 E
178.49 E
165.75 E

6.30
6.55
6.48
6.25
6.14
6.28
6.01
6.99
6.23
6.29
6.99
7.13
6.67
6.87
6.08

4.3
4.2
3.9
2.6
3.1
3.1
3.8
3.8
2.6
3.5
3
3.1
2.6
3.1
3.1

0.99
1.31
0.9
0.58
0.58
1.60
0.53
0.42
0.76
1.19
0.85
1.59
1.09
2.04
0.20

0.70
1.17
0.61
0.43
0.53
1.30
0.16
0.11
0.71
0.81
0.60
1.85
0.57
1.55
0.16

Table A1.9 Mainshocks that occurred in New Zealand. Δm is the difference in magnitude
between the mainshock and the largest detected aftershock, and Δm* is the difference in
magnitude between the mainshock and the largest inferred aftershock.
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